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Abstract
A pressure-sensitive adhesive (PSA) requires only the application of light pressure to form a 
bond with a surface. PSAs rely on a balance of viscous and elastic properties in order to attain 
a high energy o f separation from the surface. Their properties are tuneable through molecular 
architecture, as well as through the creation o f composite materials. Herein, several methods 
for tuning the adhesive and mechanical properties of waterborne PSAs are presented. New 
methods for achieving one-way switchable adhesion and patterned adhesive surfaces are 
proposed. Nanoparticles with a high glass-transition temperature {T^  are used to adjust the 
adhesive properties o f a standard poly(butyl acrylate) (PBuA) PSA, creating anisotropic 
optimised adhesive nanocomposites which also display a switch-off o f adhesion after heating. 
The phenomenon is refined to facilitate a switch-off of adhesion in 30 seconds, and leads to 
the possibility of patterned adhesive surfaces by infrared heating of masked nanocomposites. 
The function of poly(acrylic acid) (PAA) in a waterborne PSA is also studied. The 
relationship o f PAA content and its location within, or adsorbed on, the particles is explored. 
The pH sensitivity o f materials containing PAA is exploited to optimise various soft PSAs for 
good adhesion. The adhesive and mechanical properties of novel soft-soft core-shell 
polymers, made via the first use o f poly(2-diethylaminoethyl acrylate) (PDEAEA) in PBuA- 
based adhesive formulations, are studied. A unique debonding mechanism is characterised 
and found to be caused by residual oligomer. The system is then used to re-create the novel 
mechanism in a model PSA. Using the criteria set out in the literature review, a 
comprehensive set o f techniques, including probe-tack adhesive testing, mechanical property 
studies, and surface analysis, are used to characterise these materials and to explain the 
relationship between their mechanical and adhesive properties. Methods for optimising their 
properties are presented.
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Chapter 1
Introduction
This chapter begins by describing some of the many different types of adhesives 
available and their uses. It then focuses on pressure-sensitive adhesives, highlighting their key 
features and the reasons for continued study and optimisation of their properties.
Various types of adhesives and their applications are discussed. The benefits o f the different 
methods of adhesion including reaction-based adhesives, hot melts, and pressure-sensitive 
adhesives are presented. The waterborne polymer systems studied in this thesis are then 
considered, and the properties required for good adhesion are outlined. The motivation for the 
work undertaken is explained before an overview of the thesis is presented.
1. Introduction
An adhesive is any substanee that can bond (or adhere) surfaces together. There are 
many different types of adhesives, both natural and man-made. From soft adhesives used for 
sticky notes, labels, tapes, and bandages; to industrial-strength adhesives replacing other 
mechanical joints in construction, automotive, aviation and aerospace technologies; to 
adhesives used in eleetronies assemblies -  the ability to adhere various surfaces together is 
vital in many commercial, industrial and day-to-day applications. An obvious benefit of 
adhesives over other joining techniques is the ability to join thin materials without adding 
much weight, and the ability to bond dissimilar surfaces.^ They may also be used in situations 
where traditional bonding methods may not suffice (due to corrosion), and may also impart 
desired properties such as good damping properties or high dynamic strength.^ With 
continuing advances in adhesive strength, more and more industries in which materials were 
previously bonded by other means (welding, nuts & bolts) now turn to adhesives as the 
preferred method of bonding.^ The global annual turnover for the adhesives industry was 
recently valued at around $20 billion and is expected to grow by 4.2 % between 2009-2014.^ 
Research into adhesive systems continues to yield ever-improving adhesives with new 
properties such as water-resistance, electrical conductivity or switehability."^
1.1 Types of Adhesives
Adhesives can be categorised by their method of adhesion. This may require some kind 
of chemical reaction (epoxy), solvent evaporation (white glue), temperature stimulus (hot 
melt) or simply light pressure (pressure-sensitive adhesive) to activate the adhesive.
Epoxy resins are polymer-based thermosetting (curing) adhesives, and rely on a 
chemical reaction between two constituent parts, i.e. reaction of the polyepoxides with a 
hardening (crosslinking) agent, when mixed to cure the adhesive. Often called “structural 
adhesives”, epoxy adhesives are used where a high-strength adhesive is required such as in 
aircraft or automobile manufacture.^ Cyanoacrylates (“super-glue”) are also a type of 
reaction-setting adhesive.
A hot melt adhesive relies on high-temperature application; the glue is applied in 
molten form (typically 70-170 °C) when it is soft and tacky, in order adhere before cooling to 
a hard, solid adhesive bond. Hot melts are commonly used in craftwork for their ease o f use 
and ability to form a strong bond between woods, metals and glass.
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The advantages of the types of adhesive presented above are the faet that they usually 
form strong, permanent bonds with high mechanical strength. Epoxies also have good 
temperature resistance. They also have an advantage over solvent-based adhesives in that they 
are available as 100 % solids, and do not lose 50-70 % of their initial mass through 
evaporation (as is true in the ease of solvent- and water-borne adhesives).^
Solvent-based adhesives such as white glues or rubber cements are typically polymer- 
based systems dissolved in organic solvents. They fall into the category of drying adhesives, 
and are useful as they are simple to apply (no heat or two/three step process required). They 
can form very high strength bonds between a variety of surfaces including woods and metals, 
and generally have fast drying times and as such are widely used in the packaging industry. 
They can also be used for more general applications, such as household glues, labels and 
tapes.
The types o f material studied in this thesis are all emulsion-based adhesives, in 
particular waterborne colloidal dispersions (known as latexes). These are also drying 
adhesives, but do not use organic solvents, rather water, as the dispersing agent for the 
polymer. The polymer particles form an emulsion in water through careful synthesis and with 
the use of surfactants, through the technique of emulsion polymerisation.^ Emulsion 
polymerisation affords great control of the material properties through controlled particle 
design, including core-shell m o r p h o l o g y . T h e s e  water-based adhesives offer 
environmental benefits in that no volatile organic compounds are emitted, but historically 
they have not been as strong as other types o f adhesives, and may suffer from shorter shelf- 
life or environmental degradation (which, on the other hand, benefits recyclability). However, 
recent advancements in waterborne polymerisation technology have led to improved 
properties and increased competition between water- and solvent-bome systems. Waterborne 
latexes are manufactured industrially and used for many commercial products, particularly in 
the paint and coatings industries, as well as for cosmetics and pharmaceutical products.^ 
Water-based adhesive technology accounts for 54 % of global sales, 4/5 of which are PVA- 
based. Full-solids adhesives account for 5 % o f sales but 17 % of global value, which 
highlights the relative low cost o f water-based adhesives.^
The term pressure-sensitive adhesive, or PSA, refers to an adhesive which requires 
simply the application of light pressure to form a bond with the adherend, as a result o f good 
contact between surfaces and short-range molecular b o n d s . P S A s  do not rely on a chemical
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or heat process to cure the adhesive, yet an appreciable force of separation is maintained. 
PSAs can be made of natural rubbers blended with taekifying resins, silicones and solvent- 
bome or waterborne acrylic polymer systems.^ Continuing research into waterborne PSA 
systems yields ever-stronger adhesives with improved properties and new eharacteristies such 
as electrical conductivity and stimuli-responsive switchability, which will be discussed 
further in Chapter 2.
1.2 What Makes a Good Pressure-Sensitive Adhesive?
There are certain characteristics that can be identified in a material to predict the quality 
of adhesion. A PSA relies on a careful balance of elastic and viscous properties in order to 
have a high force of separation between surfaces (under shear and/or tension). A material 
which ftmctions as a good pressure-sensitive adhesive must have bulk properties within a 
certain range, and display certain eharacteristies in the bonding and debonding process in 
order to achieve a high energy of adhesion.
In order to form a strong bond with the adherend, the material must have good 
interfacial contact. The failure mechanism should be such that a large amount of energy is 
dissipated, which is facilitated by the formation o f strand-like sections, or fibrils. Fibrillation 
occurs after the bond has been stretched in confinement, causing deformation o f the bulk 
material. A combination of bulk and interfacial properties (discussed in depth later) cause 
cavities (cracks) to form from defects present at the debondmg interface. If  the interfaeial 
cracks are prevented from propagating (assuming the material has the right viscoelastic 
properties), via crack blunting, the confined PSA can be drawn into fibrils. These fibrils 
further dissipate energy, leading to a high overall debonding energy. It is important that the 
fibrils become strong enough in extension (a feature of crosslinked polymers) such that the 
energy to break them is higher than the energy to debond, to ensure that the material debonds 
cleanly and does not leave a residue on the adherend.
A PSA must have a low glass transition temperature (Tg), meaning the material is in a 
rubber-like state at room temperature.^^ Wetting ensures the close proximity o f adhesive and 
adherend to increase the bond strength. The low glass transition temperature ensures a low 
elastic modulus, which allows deformation o f the polymer. It must also have a high loss 
modulus (viscous component), to ensure high adhesion energy during debonding. The
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viscoelasticity and flow also allow crack blunting and fibrillation during the debondmg 
process, rather than the propagation o f a crack, and early detachment and adhesive failure.
However, the material must not have too low an elastic modulus, since this would make 
the material too liquid-like. Generally, a lightly eross-linked rubber network in a PSA helps to 
raise the modulus, and facilitates a high debonding energy and clean detachment firom the 
adherend leaving no residue, without over-hardening the material (raising the modulus too 
high). This also helps to give a high shear resistance, an important property for PSAs to 
prevent slippage whilst in use.
1.3 Research Aims: Tuning and Switching Adhesion
In recent years, waterborne pressure-sensitive adhesives have become a mainstay of 
commercial and industrial adhesives. Continuing research is motivated by demand for 
environmentally-fiiendly materials, such as those which do not emit volatile organic 
compounds (VOCs), as well as the ability to recycle and reuse adhered items like electronic 
components.
This work draws on theories of adhesion and the relationship o f adhesive and 
mechanical properties of a PSA in order to develop new adhesive systems. With this insight, 
several techniques are utilised to tune and optimise existing underperforming PSAs to 
improve their adhesives properties, including the use of acrylic acid, and its pH sensitivity, to 
tune a soft adhesive. A new core-shell PSA is presented, using a new polyelectrolyte polymer 
(not used before in adhesive formulations) to affect the adhesive properties, and a novel 
debondmg mechanism is studied.
Furthermore, new techniques are studied in which a PSA material is not only optimised, 
but is configured so that it becomes a one-way temperature-switchable adhesive, losing its 
adhesive properties after a temperature stimulus is applied. This technique is demonstrated, 
and the idea of a switchable adhesive is taken further to that o f a pattemable adhesive surface.
1. Introduction
1,4 Thesis Outline
In this thesis, several PSA latexes synthesised by collaborators at Cytec Surface 
Specialties and the University of Sheffield are studied and characterised, leading to the 
development of some novel adhesives, and new methods for switchability and patterning.
C hapter 2 provides a literature survey of previous research into pressure-sensitive adhesives, 
theories relating material characteristics and adhesion, and the properties required in order to 
achieve good adhesion.
C hapter 3 describes the experimental techniques used throughout this thesis to characterise 
the adhesive materials.
C hapter 4 presents a new strategy to switch off the tack adhesion in a model nanocomposite 
adhesive. New nanocomposite adhesives are made via the blending of a PSA formulation and 
hard nanoparticles. Their adhesive, surface and mechanical properties are described, before an 
oven-heating process sinters the materials, switching off the adhesion. The process is 
analysed and explained.
Chapter 5 expands on the strategy of Chapter 4, introducing a faster switching technique and 
presents the notion of patterning adhesives via IR radiation. The adhesive properties of a new 
nanocomposite PSA are shown. Infi-a-red radiation is used to switch-off the adhesion via the 
same mechanism as in Chapter 4. A new technique to pattern the adhesive films is 
demonstrated, and its effectiveness and resolution are described.
C hapter 6 explores the adhesive and mechanical properties of novel polymers (synthesised 
by collaborators). The effect o f pH on their properties, and in particular its relationship with 
poly(aerylic acid) addition (both in-synthesis and adsorbed on latex particle surfaces), is 
described.
C hapter 7 presents the characterisation of a novel core-shell latex polymer (synthesised by 
collaborators). The influence of residual oligomer in the formulation is explored. It is found 
to lead to a unique debonding mechanism, which is analysed and explained. The novel 
mechanism is then employed to recreate the debonding phenomenon in a model adhesive.
In the final chapter, remarks are made on the successes and shortcomings of the work 
undertaken, with a view to potential further research.
2. Literature Review
Chapter 2
Literature Review
This chapter covers the theoretical background for describing the meehanical properties 
of adhesives. This iucludes the description of probe-tack debonding and adhesion energy, and 
the relationship with material properties such as the elastic modulus and critical energy 
release rate in the search for good pressure-sensitive adhesives. Furthermore, the literature 
review extends to discuss past and current research into pressure-sensitive adhesives. Key 
concepts and advances such as waterborne and UV-curable adhesives are examined. Methods 
used to tune and optimise adhesives, such as the addition of carbon nanotubes, are discussed, 
as well as advances made in the field of switchable adhesion.
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2.1 Introduction: Waterborne Polymers as Pressure- 
Sensitive Adhesives
Pressure-sensitive adhesives (PSAs) adhere instantly and firmly to a substrate upon the 
application of light pressure. PSAs require an optimum balance o f elastic and viscous 
properties in order to achieve strong adhesion.^^ A high tack adhesion energy arises not only 
from the thermodynamic work of adhesion at the interface with a substrate, but also from the 
bulk mechanical properties of the a d h e s i v e . T h e  material must be liquid-like enough to 
flow at low strain rates in order to make conformai contact with a substrate and to achieve 
wetting.^^ Good surface contact (wettability) between the adhesive and adherend is required 
to achieve bond formation. Additionally, the material must be solid-like enough to 
withstand shear stress, and viscoelastic so as to dissipate energy when being drawn at high 
strains during debonding. Strain hardening under large-strain deformation is desired for 
clean detachment from the substrate. One of the few materials that meet these various 
conflicting requirements is a lightly cross-linked copolymer at a temperature well above its 
glass transition temperature, Tg.
For environmental and health reasons, there are increasing legislative demands for 
PSAs and polymer coatings to avoid the emission of organic solvents during processing. 
Hence there has been greater reliance on PSAs prepared from aqueous colloidal dispersions 
of soft copolymer particles, i.e. latexes. Continual advancement in the field of emulsion 
polymerisation since the 1970s has led to waterborne systems competing with solvent-bome 
systems for use in a wide range of applications, including pressure-sensitive adhesives 
Emulsion polymerisation refers to the preferred preparation technique for waterborne polymer 
systems. In this technique, (poorly) water-soluble monomers are emulsified, with the help of 
surfactants, in water. The monomers form polymer chains within particles, each suspended in 
the water by the surfactant. The particles are typically 100-500nm in diameter and are 
referred to as colloidal dispersions, or latexes.
This thesis will ultimately focus on several methods used to optimise the adhesive 
properties of latex PSA systems using various new mechanisms.
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2.2 Measuring Adhesion
PSAs are typically made from viscoelastic polymers that adhere instantly to nearly any 
surface through van der Waals forces when close contact is made under the application of 
light pressure. Van der Waals interactions are the weak electrostatic forces at very short 
distances, which are fundamental in the stability of condensed matter. When two surfaces 
come into contact, van der Waals forces are responsible for interactions between these 
surfaces at the microscale. The closer the two materials, the stronger is the bond between 
them (van der Waals forces are attractive across a v a c u u m ).T h u s  minimal surface 
roughness, and good contact between surfaces (known as wetting) are vital for good 
adhesion. A soft and deformable polymer should present these properties.
Adhesion is characterised by studying the interaction between the adhesive and 
adherend. The most common parameter to measure is the energy required to debond the 
adhesive from the adherend, known as the energy of adhesion {Eadi -^ There are several other 
complex interactions which can be considered, such as the manner in which the adhesive 
forms an initial bond with the surface (wetting), or the amount the adhesive strains before 
debonding (which contributes greatly to the overall adhesion energy). This section will 
discuss three types of adhesive tests (Probe-Tack, Peel and Loop) and how to interpret their 
results in relation to the quality of adhesion.
Whilst the tests outlined below directly measure the adhesion, it is also useful to 
correlate their results with measurements of the bulk and tensile properties of the material 
(see section 2.3).
2.2.1 Probe-Tack Test
Adhesive properties are accurately characterised in the probe-tack experiment. A probe- 
tack adhesive test is one of the quickest and simplest tests that can be performed on a thin 
PSA film, and provides a large amount of information about the adhesive quality of the film, 
an idea about its bulk properties, and its suitability as a PSA. In such a test, a probe comes in 
contact with the adhesive sample for a set period of time, and is then removed at a set velocity 
or rate of strain. The force required to debond the probe from the adhesive is recorded and 
used to calculate the adhesion energy. Stronger adhesives will require more force to debond, 
and have a higher adhesion energy. Figure 2.1 shows the stages of bonding and debonding
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occurring in a probe-tack test, whilst Figure 2.2 shows a typical probe-tack debonding curve 
characteristic of an acrylic-based PSA.
Oo
( 1 ) (2 )
ho
(^ plateau
(3)
Efail
(4)
contact area, A
Figure 2.1. Probe tack procedure and debonding process: (1) initial contact between probe and adhesive, after 
which probe is removed at a constant strain (2) point o f maximum stress upon removal o f probe, just before (3) 
begimiing o f fibrillation and finally (4) detachment of fibrils; debonding.
A testing rig, used to conduct probe-tack measurements, records the force (F) to remove 
a probe at a constant velocity as a function of distance {Al). To account for the varying 
thickness of different films, and the contact area of the probe, F  and I are converted to stress, 
a, and strain, s. Force and distance are related to stress and strain, respectively, by the 
following equations:
Stress: O' 7 A [2.1]
where the contact area of a probe of circular cross-section and radius r  is v4=^r, and 
Strain: ^ =  ^ 7  
where ho is the initial thickness of the film.
[2 .2]
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Figure 2.2, Three example probe-tack stress-strain curves highlighting maximum stress, plateau stress, and 
strain at failure. The dotted curve represents a poor adhesive (with no stress plateau), the dashed cuiwe an 
adhesive with medium extension o f fibrils (and thus a medium-Iength stress plateau), whilst the solid curve 
represents an adhesive with good elongation o f fibrils and a long stress plateau. Specific points on the curve (in 
brackets) are defined in Figure 2.1.
The probe first comes into contact with the surface of the film with a set force, and 
remains in contact for a set time, in which the PSA and probe bond (see (1) in Figure 2.1). 
The probe is then removed at a constant velocity. If the energy of the adhesive bond is high 
enough, the PSA will remain in contact with the probe. An additional force is required to 
draw the PSA up with the probe. The amount of PSA in contact with the probe is dependent 
on the size of the probe.
At a maximum stress ((2), a,„ax) the confined PSA is extended such that it is no longer 
energetically favourable to be drawn further. At this point cavities form at the interface or the 
bulk of the film, and the stress falls as the PSA begins to debond from the probe. Depending 
on the properties of the PSA, interfacial cracks will either propagate along the interface, and 
the adhesive will fail ((4), Sfau %), or the relaxation of the PSA will stop the cracks from 
propagating and instead allow regions of the material to remain in contact with the probe and
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themselves be stretched into fibrils (3). (The subtleties relating to the initiation of fibrillation 
are discussed further in section 2.3.4.) In the latter case, the force required to extend these 
fibrils will be roughly constant and is seen in the curve as a stress plateau (Opiateau), and the 
maximum elongation of these fibrils before eventually failing is dependent on the crosslink 
density of the PSA. There is a strong relationship between the maximum elongation of the 
fibrils and the crosslink density of the polymer {M^ -  in a tightly crosslinked network 
(indicated by a low Me), crosslinks inhibit the dissipative properties of the polymer and 
prevent the flow required for significant elongation of fibrils {i.e. shorter plateau,
A rise is seen at the end o f the stress plateau at this point, indicating strain hardening (as 
explained in section 2.3.1). With greater distance between crosslinks, the fibrils will be 
longer, and allow greater elongation of the PSA {i.e. plateau continues until s/aiis) and which 
will show increasing stress with strain before failure.
The total energy required to debond the probe is the adhesion energy, Eadh, and is used 
as a good indicator of the strength of the adhesive. A good adhesive will require more energy 
to debond, and thus have a high adhesion energy. Eadh is found by taking the integral of the 
stress-strain curve as given by this formula:
Eadh =  ho f  crCe)de 
Jq
[2.3]
Eadh represents the work done by the probe in debonding fi*om the adhesive surface. It 
follows that a good adhesive (as characterised by probe-tack) will have a large area under the 
stress strain curve, and must have the correct characteristics to maximise amax, (^ plateau and £fan 
without compromising each other. Thus, a PSA must be able to fibrillate and have a long 
stress plateau in order to achieve a high Eadh-
Probe-tack tests are often the preferred method of adhesive testing in early prototype stages of 
an adhesive’s development due to their simplicity and repeatability, and the ability to quickly 
collect reliable quantitative data on the adhesive properties of materials.
2.2.2 Peel and Loop Tack Tests
For practical applications, peel and loop tack tests are used to evaluate adhesives. The 
loop tack test involves a loop of an adhesive strip coming into contact with a substrate and 
measuring the required force of separation (similar to the probe-tack test). A peel test requires
12
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the adhesive strip to be adhered to a substrate for a period of time before being removed at a 
constant rate.
Metallic
plate clamp
clamp
Fihn at 
180 ° to 
plate
Figure 2.3. Experimental set-ups for (a) peel and (b) loop tack tests
Probe-tack energy usually correlates with the average peel force (force required to 
remove an adhesive strip from a backing at a constant strain rate, averaged over the length of 
the strip) and the maximum loop tack force (force required to debond a looped adhesive strip 
from a surface at a constant strain rate). Both loop tack and 180 ° peel tests require a flexible 
backing on the adhesive material. In these tests, the adhesive is forcibly removed from the 
adherend, as opposed to the other way round for probe-tack. These tests give quantitative 
values for the work required to remove the adhesive from the adherend, but provide less 
qualitative information on the debonding process. The tests simply demonstrate the adhesive 
quality of products such as tapes, labels and medical adhesives.
A key benefit of the peel and loop tack tests is the ability to easily work with pre­
prepared tapes and other flexible samples. Conversely an obvious disadvantage is the inability 
to measure adhesives on inflexible or brittle substra tes .T ests  using strips of adhesive are 
very sensitive to contaminants and if not carefully administered, a false failure mode will be 
recorded. However, an average peel force for the length of the strip is usually quoted, giving a 
reliable semi-quantitative measurement for adhesion strength. Peel tests, along with probe- 
tack tests are the most commonly used quantitative tests of adhesion used in research and 
industry.
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2.3 Relationship with Bulk Properties
Whilst direct measurements provide useful quantitative values for the adhesiveness of a 
material, the key to understanding which characteristics of a material lead to good adhesion 
lies in the relationship with the bulk properties, in that they should meet certain criteria for 
good adhesion. The tensile and rheological properties of a material have a large effect on its 
adhesive properties, and the relationship between them has been widely studied.
It was first proposed by Carl Dahlquist in 1969 that a material required a low modulus 
and viscous flow in order to achieve close contact with the adherend, and could hence display 
good adhesive p ro p e r tie sA u b re y  and Sherriff discussed the relationship of adhesive 
fracture and fibrillation with the dynamic modulus in 1980.^^ Chang first developed a model 
relating the peel energy of an adhesive and the ratio of the storage and loss moduli.^^ Zosel 
gave a description of the debonding process of a PSA, and described the relationship between 
fibrillation and debonding energy, stipulating that a high molecular entanglement weight (Mg) 
is required for fibrillation. Dale and coworkers combined data from small and large strain
measurements to correlate results with peel and shear tests, showing the importance of bulk 
material properties in understanding adhesive behaviour.^^ Work from the groups o f Shull, 
Lakrout and Creton continues to correlate adhesive properties with shear and tensile 
behaviour of the material. Adhesive properties are related to Mooney-Rivlin elasticity 
behaviour, and predictions of adhesive properties are made through knowledge of 
crosslinking and large-strain analysis.
Here, some of the properties used in characterising the bulk properties of soft matter are 
described, and the criteria deemed necessary for good adhesion are discussed.
2.3.1 Rubber Elasticity and Large Strain Behaviour
Polymers are naturally coiled, and remain in an entangled coiled state in order to 
maximise entropy. The force required to perturb coils arises due to the rise in entropy, and 
leads to the resulting restoring force. The concept o f an “entropie spring” is often used to 
describe the restoring force acting upon a polymer coil, and this forms the basic idea of 
rubber elasticity. In the neo-Hookean model, only forces associated with entropie springs are 
considered. (Later, deviations from the neo-Hookean model are discussed.)
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The theory o f rubber elasticity describes the mechanical behaviour of a crosslinked 
polymeric material in relation to its molecular dynamics. The network entropy o f a single 
chain can be derived from the Boltzmann relation between entropy, S, and probability, P:
S = k h ln P  [2.4]
where kb is the Boltzmann constant. The chain entropy, s, can be found from the Gaussian 
probability fimction'^^ giving a quantitative expression for the entropy of a single chain as a 
function o f the distance between its ends:
s = c — kfjb^r'^ [2.5]
where c is an constant including the arbitrary volume element dxdydz, r is the chain vector 
length {r^=x^+y^+z^) and 6 is a function of the randomly jointed chain of N  equal links, each 
of length P.
[2.6]
It should be noted that entropy is at a maximum when the two ends of the chain are 
coincident (r=0).
The network elasticity of a material can be defined as a fimction of the number of
crosslinks introduced between originally independent molecules. In the approximate form of
the Gaussian network theory, a knowledge of the number of chains per unit volume, denoted 
by n, and of the mean square end-to-end distance for the assembly o f chains in the unstrained 
state (r^), is sufficient to determine the properties.'^^’'^ ^
Network elasticity can be derived from the Gaussian theory of molecular chain 
dynamics taking the assumption that the x, y, and z components o f the chain vector length 
change on deformation in the same ratio as the corresponding dimensions of the bulk rubber. 
That is, the changes on a molecular level can be related to the macroscale (affine deformation 
a s s u m p tio n )T h e  second assumption is the material deforms without change in 
volume, À1 À2 À2  =  1.
Taking the principal axes of strain to be parallel to the x, y  and z axes, the components 
of length for the individual chain change on deformation from (x, y, z) to (Àx, ky, 1%). The 
change of entropy on deformation for the individual chain is therefore (from equation 2.5):
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As  — — — l )x ^  +  (^2  ^ ~  l ) y^ +  (^3  ^ ~  1)^^) [2.7]
This expression can be summed over the number of chains contained in a unit volume 
of the network, w. Since the molecules are randomly oriented, where
is the mean square unstrained chain vector length. The value o f is for a set of free or un- 
crosslmked chains is (3/2b^), hence the entropy of network deformation AS can be written in 
the form
A 5  =  — 3 )  [2.8]
The assumption is made that all states of deformation have the same internal energy, 
A U=0. The change in Helmholtz free energy is thus
^ A  =  A U - T A S =  - T A S  [2.9]
The change in Helmholtz free energy is equal to the work, W, done by the applied 
forces, for an isothermal reversible process at temperature T. Hence the work of deformation 
per unit volume is
W  =  \ N k b T { X i  +  -  3 )  [2.10]
This can be refined for simple uniaxial extension in terms of a single extension ratio X 
with the condition of =  1 • This dictatess the following conditions for X\
X ^ =  X X2 =  X ^ =  [2.11]
The work o f deformation for simple extension is thus
w  =  + 2 / ^  -  3  j [2.12]
To obtain the extension as a function of stress, a  (a force per unit area), the material is 
considered to be a cube o f unit length in its unstrained state. The force F  per unstrained cross- 
sectional area is
r  =  ^  =  O ' =  nki,T (x -  1/ ^ 2)  [ 2 .1 3 ]
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The quantity nktT  is found to be equivalent to the shear modulus, G.41
G =  n k i j T  [2.14]
A rubber is a type of polymer in which molecular cross-links affect the behaviour of 
the material on the macroscale, in particular how the bulk shear modulus G is influenced 
mainly by the cross-link density and the temperature of the system, as given by equation 2.14. 
That is, the shear modulus increases linearly as the crosslinking density in c reases .T h is  is 
true for a material that exhibits neo-Hookean stress strain behaviour, that is, that with nominal 
stress (oy) given by
= G{ À
-
[2.15]
This formula is represented graphically in Figure 2.4. G can alternatively be 
represented in terms of the molecular weight between crosslinks Me,
G = n k f j T  =  p R T j M c
where p is the density of the rubber and R is the gas constant per mole.^^
[2.16]
3.5
  Theoretical (Eq. 2.5)
# # Experimental
2.5
i=
0.5
5 100 15
Strain
Figure 2.4. Theoretical and experimental stress-strain curves for a neo-Hookean rubber (replotted from 
Treloar"*^). Region (i) shows strain softening and (ii) shows strain hardening.
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A typical stress-strain curve an experimental neo-Hookean material is compared with 
the theoretical curve in Figure 2.4. Note that the Young’s modulus o f the material is given by 
the gradient of the theoretical stress-strain curve at infinitesimally small strains, given by the 
gradient o f the curve:
E =  [2,17]
Experimentally, the rubber only follows Equation 2.17 under small strains, thus 
predictions made for E  are only valid for small a. At larger strains, the neo-Hookean 
theoretical model predicts a deviation towards a plateau in the stress-strain curve.
However, Figure 2.4 shows that a real rubber behaves differently from the theoretical 
prediction of neo-Hookean behaviour at intermediate and large strains. 
After the initial neo-Hookean behaviour at very low strains, a softening region (i) followed by 
a hardening region (ii) occurs, which are not accounted for m the theoretical model."^*
After the initial linear region, there is a reduction in the gradient E  in relation to the 
theoretical curve (to the left of [i]). This is due to an oversimplification in the model, which 
assumes the polymer molecules are perfectly crosslinked, with all chains contributing to the 
elastic network. However, in reality, the crosslinking is much more random and a proportion 
of chains are not perfectly crosslinked and some network defects are present. There are 
several types o f defect: firstly, physical entanglements between chains restrict mobility and 
inhibit the number of configurations. This has an effect similar to chemical crosslinks (and 
are often referred to as “physical crosslinks”) resulting in an increase in E. Secondly, multiple 
crosslinks occurring on the same chain result in closed loops which do not contribute to 
network elasticity. Such linkages should not be counted m the model. Thirdly, “loose end” 
chains (that is, chains which are crosslinked, and thus connected to the elastic network, at 
only one end) do not contribute and should likewise be discounted from the model. Both 
loops and loose ends result in a lower experimental value of E  than predicted."^^
After a period of strain softening (up to a strain o f g-5 in Figure 2.4), E  then begins to 
increase (to the right of [i]). The gradient is greater than that of the neo-Hooken model. This 
deviation is due to a mathematical simplification inherent in the Gaussian network chain 
deformation theory, which does not account for the increase in E due to internal energy 
contributions. The internal energy contributes to the force opposing deformation, hence the
18
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increase in At large strains there is a further upturn of the curve, which comes as a result 
of the finite extensibility of the ehains, i.e. the network is stretched near the maximum 
distance between the chemical crosslinks.'^ This factor is also not considered in Gaussian 
theory, and this non-Gaussian defonnation is observed as a period of strain hardening seen in 
Figure 2.4. Soon after this point, due to their finite length, the polymer chains will break, and 
as observed on the macroscale the material will fail, eausing stress to drop to zero (as in 
Figure 2.5(a)iii and Figure 2.6).
(a) (i) Go (ii) G, (iii) f^aii
(b) (i) (ii)
Figure 2.5. (a) Stages of tensile stiain and failure for a viscoelastic sample: (i) relaxed material, (ii) maximum 
stress with "necking” and (iii) tensile failure, (b) Schematic representation o f entangled polymer chains (blue) 
with crosslinks (red), in a relaxed state (i) and at chains stretched to maximum distance between crosslinks (ii)
The large strain deformation behaviour of a PSA gives important information about its 
bulk properties, as well as its adhesive properties. Signs of softening and hardening regions 
are indicators of a good PSA. In order to fibrillate whilst debonding, the material must be able 
to first soften, in order to flow and enable crack blunting. This leads to the formation of 
confined regions which are deformed under tension into fibrils. It must also show some strain 
hardening at high strains to maintain a high adhesion energy, ensuring fibrils detach when the
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stress rises. This gives a clean detachment from the adherend (known as interfaeial or 
adhesive failure), which is usually desired. This can be achieved through light crosslmking of 
the polymer n e t w o r k , w h i c h  results in strain-hardening during large strains when being 
drawn into fibrils. The adhesion energy is therefore greater, and the fibrils detach when the 
stress rises to a sufficiently high level."^ ^
Understanding and controlling this strain hardening effect by utilising erosslinking in 
the polymer matrix in conjunction with the soft latex to make composite materials is a viable 
route to tuning the bulk, and hence adhesive properties of a material.
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Figure 2.6. Typical large tensile strain profile for a PSA
Figure 2.6 shows a typical profile for the stress response of a viscoelastic polymer. The 
yield (or pseudo-yield) point and Young’s modulus can be calculated from the initial part of 
the curve (discussed further overleaf). In a crosslinked polymer, the value of maximum 
tensile strength {Omax) usually occurs just before failure and the up-turn at this point of the 
curve signifies strain hardening. There is a relationship between the maximum tensile stress 
and the modulus of the material. The strain at failure, Sfau, directly correlates with the 
elongation of fibrils drawn in an adhesive test. The area under the curve represents the total 
energy of defonnation and is tenned “toughness”. A material will have greater toughness if it
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can be drawn a greater distance at higher strains before failing. The large deformation energy 
of a PSA is a sign that the material will perform well in an adhesive test.
Mooney-Rivlin analysis can be used to identify the regions that differ from the linear 
model, and to quantify the degree of strain softening and hardening. In Mooney-Rivlin 
analysis, a reduced stress, or, is plotted against reciprocal strain, with the resulting graph 
highlighting the strain hardening characteristics of a soft p o ly m er.N o te  that this analysis is 
less useftil for materials without chemical crosslinks. It is not employed in this thesis as many 
experiments compare materials with few or no crosslinks, which are better analysed using 
other techniques.
Young’s modulus, E, relates tensile strain, s (which is the change in length over the initial 
length of the sample), to an applied tensile stress, n, given hy E= da/ de (Eq. 2.17). Young’s 
modulus is measured in units of pressure (Pascals) and can be easily determined 
experimentally from the gradient of a stress-strain curve (at infinitesimally small strains). It 
gives information about the stiffiiess of a material and how a material will respond under 
extension or compression. A material with a high Young’s modulus has a high stress response 
to small strains, and can be considered to be stiff, whilst a low Young’s modulus material has 
a weak stress response under large strains, and is thus considered compliant.
Young’s modulus is a good measure of the properties of an elastic material in linear 
tension. It is often useftil to also examine the frequency dependant dynamic modulus, which 
is measured at small strains under oscillatory conditions, and is useful for more complex 
viscoelastic materials such as polymers in PSAs.
A material is said to yield at the point it begins to deform plastically. In nonlinear 
viscoelastic materials such as PSAs, the complex deformation profile makes determination of 
a yield point difficult. Therefore a pseudo-yield point is defined, as shown in Figure 2.6. This 
yield point represents an important structural change in the material when further elongation 
is non-reversible. A relationship has been shown between this yield point and the onset of 
viscous fingering (formation of finger-like patterns at the interface between two viscous 
fluids)"^ ’^"^  ^and fibrillation^® in adhesive debonding.
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2.3.2 Dynamic Modulus
The dynamic modulus represents the interpretation of the viseous (loss) and elastic 
(storage) components of a material under small strains. It is studied in a similar manner to 
Young’s modulus, where a force is applied to a material and the resulting displacement 
(strain) is measured (or vice-versa). In the dynamic case, the stress is applied in an oscillatory 
manner, and the oscillatory strain is measured, using dynamic mechanical analysis (DMA, see 
section 3.3.1). For an elastic (Hookean) solid, the oscillatory stress response is in phase with 
the applied oscillatory strain, but for a purely viscous (Newtonian) liquid, stress and strain are 
out of phase by a phase angle ô = n/2. That is, stress and strain oscillate at the same angular 
frequency co but stress leads strain by a phase angle ô, as shown below.
Viscoelastic materials, such as PSAs, exhibit behaviours somewhere between that of 
solids and liquids. Whereas a pure solid or liquid will have phase angles of <5 = 0 or ^ = te/2, 
respectively, at all co (frequency of strain oscillations), the phase angle for a viscoelastic 
material can take any value between 0 < ô < 7i/2, since the material has both solid-like and 
liquid-like properties.
To quantify the two behaviours, a viscoelastic material is considered under an applied 
oscillatory stress. The applied stress and the strain are:
a ( t )  = (Jq sin(cnt +  S) [2.18]
8(t) = Sq Sin(ù)t) [2.19]
which are dependent on the maximum stress, (Tq, and maximum strain eq.
Using the trigonometric identity
sin(o)t +  5 ) =  cos 5 sinCoit) +  sin 5 cos(m t) [2.20]
the applied stress can be separated into orthogonal functions oscillating with the same 
CO, one in phase with strain, one 7t/2 out of phase:
(j(t) = (Jq cosd. sin(a)t) +  Œq sind. cos(o)t) [2.21]
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The storage and loss moduli can be related to the phase angle S (phase lag between 
stress and strain) and modulus amplitude (ctq/  £ o) at each frequency, so E' and E" can then be 
defined as follows:
E' = — COS0 [2.22]
0^
E" = — s inS  [2.23]
So
Giving the final formula for stress:
cr(t) =  S q [ E ' ( c û )  sin(dot) +  E"  (co) cos (cot)] [2.24]
E' and E" are the storage (elastic) modulus and loss (dissipative) modulus, which are 
dynamic representations of the complex modulus E^. The elastic modulus corresponds to the 
stored energy, representing the elastic portion, whilst the loss modulus corresponds to energy 
dissipated as heat, which is the viscous portion.
The relationship between the elastic and loss modulus can be quantified by their ratio, 
the loss tangent:
E" s in  <5
This is a useful ratio since it is proportional to the critical energy release rate (see 
section 2.3.4), and thus its value is used as a predictor of good PSA properties. Experiments 
can also be performed in shear to give G' (and G"), which are related to the tensile modulus 
by a factor of 3 (see Eq. 2.27).
2.3.3 The Dahlquist Criterion
The Dahlquist (contact) criterion is a well-known standard for PSAs which can be 
experimentally measured and used as reliable predictor of the quality of a PSA. It was found 
that for a material that displays good tack adhesion, its dynamic shear modulus, G, must lie in 
a certain range, meeting the Dahlquist criterion:^^
G < 0.1  MPa at 1 Hz [2.26]
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where the shear modulus is related to E by
E  =  2 G ( 1 + V )  [2.27]
in which Poisson’s ratio -  the negative ratio of transverse to axial strain -  is assumed as 0.5 
for a incompressible material. (A perfectly incompressible, volume conserving isotropic 
material has a Poisson ratio o f 0.5 when deformed elastically under small strains i.e. when 
stretched along the axial direction a distance dsx, there is a corresponding transverse 
contraction dsy. The ratio between them, dsy/dsx = v = 0.5. On a molecular level, when bonds 
are stretched in one direction to accommodate the stress, they shorten in the other directions. 
This effect is multiplied throughout the material lattice.) If the material has a modulus higher 
than this value (or should the ambient conditions, e.g. temperature, dictate that the modulus is 
raised), the material will likely be too solid-like, and thus not have the relaxational properties 
required in order for good surface contact and deformability for fibrillation, and high 
debonding energy. Unlike other types of adhesives, experiments have shown that a high level 
of surface roughness is detrimental to PSA adhesion.^^’^  ^ This ean be simply due to the 
asperities limiting the true surface contact.^^ More precisely, it is thought that surface 
roughness creates an inhomogeneous strain field responsible for regions of increased tensile 
stress which become preferential nucléation sites for cavities.^^ The critical energy release 
rate, which predicts the likelihood o f fibrillation (discussed in section 2.3.4) includes terms to 
factor the surface roughness and initial cavities in the initial adhered interface.
It is important to note that an ideal PSA will have a shear modulus below 0.1 MPa at 
1 Hz, but not so low as for the PSA to be too soft and liquid-like (a characteristic of very low 
G ’ materials).
2.3.4 Tan Ô and the Critical Energy Release Rate
The debonding mechanism of the adhesive differs depending on the characteristics of 
the PSA. To increase overall adhesion energy, it is necessary to tune the material in order to 
favour energy dissipation through elongation and fibrillation (whilst maintaining a high stress 
plateau), thus increasing the debonding energy.
Figure 2.7 shows the underlying mechanism controlling whether or not the adhesive 
will fibrillate when drawn away firom the substrate by the probe. At the point of maximum 
stress {(7max, seeu at (ii) in ) in probe-tack debonding, cavities (Figure 2.7c) begin to form at 
the interface (or m the bulk of the material) as it beeomes more favourable to debond from the
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probe than to deform to higher strains. In the case of crack propagation, and early adhesive 
failure, these cavities (or cracks) propagate along the interface and the remaining bonded PSA 
debonds, resulting in interfaeial failure of the adhesive, as is seen in as in the lower part of 
Figure 2.7.
If the properties of the PSA are such that it is able to relax and flow under the particular 
applied stress, further propagation of an interfaeial crack is prevented, as demonstrated in the 
upper part of Figure 2.7b.^  ^When a crack begins to spread along the interface, there is a high 
stress concentration at the crack tip. If material is able to flow and defomi, the crack tip is 
blunted. This reduces the stress concentration at the crack. The remaining strands of material 
in-between cracks (still attached to the probe) are drawn up by the probe, and are themselves 
deformed under the strain into long fibrils. At this point, the force required is that to relax 
physical polymer entanglements, and is at a plateau level lower than the original force to 
begin cavitation. In adhesive (interfaeial) failure, the stress plateau rises because of strain 
hardening in the fibrils. The stress in the fibrils exceeds the adhesive force of the fibrils on the 
substrate, and the fibrils detach.
(a) (b)
Crack Blunting
Probe
Crack )) PSA
Probe
Crack
PSA
Crack Propagation
(c)
top-down view
(d)
top-down view
Figure 2.7. Graphical representation of competing probe-tack debonding mechanisms; crack blunting and 
propagation, (a) Point o f maximum stress, (b) Cross-sectional views o f crack propagation (top), crack blunting 
(bottom) (Modified hom  Deplace et al}^). (c) Top-down view of cavities forming (top) and adhesive failure 
(bottom), (d) PSA fibrillation during debonding (top) and debonding due to crack propagation (bottom).
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Clearly, to achieve a high adhesion energy the PSA must have crack blunting properties 
in order to fibrillate and create a plateau stress level, increasing Eadh The level of fibrillation 
will, to some extent, be governed by the crack blunting properties (along with the bulk 
deformability of the material). Deplace et a l  discuss the competition between crack blunting 
and propagation^^ and propose the use o f the ratio of Critical Energy Release Rate {Qc) and 
the bulk deformation (controlled by Young’s modulus, E) to quantify the debonding response, 
outlined as follows:
Qc is the energy per unit area (J m"^) required to propagate a crack between the adhesive 
and the probe, and a high value o f Qc indicates crack propagation is more energetically costly 
i.e. crack blunting and therefore fibrillation will be prevalent. The modulus, E, relates to the 
force required to deform the polymer (and hence allow fibrillation). E  should be low in order 
for this force to be lower than the force to pull the material away from the substrate, 
favouring deformation.
The criterion for Qc'^E was proposed by Webber et who show that Qc^E (a length) 
can be compared to the thickness of the adhesive layer, /, and the size r o f any artifact initially 
present in the film. Qc^E represents the relationship between the linear elastic fracture 
mechanics and cavitation.
Should Qc^E be smaller than r, interfaeial crack propagation dominates, controlled by 
Qc- If Qc^E is larger than /, nonlinear bulk deformation and crack blunting are expected, 
resulting in fibrillation. If Qc/E is at an intermediate level, there is a transitional stage between 
propagation and blunting, described by Nase et al.^^ So, in the case of a good PSA, the ratio 
Qc/E should be high.
Although the Critical Energy Release Rate is not easy to measure experimentally, it is 
possible to define a relationship with more easily experimentally measureable properties of 
the PSA.
In the case of an interfaeial crack propagating between a PSA and a solid surface, the 
critical energy release rate Qc is defined as
5  c =  5 o [ l  +  [2.28]
where Qq is the resistance to crack propagation at vanishingly low crack velocity and ^(arV) 
is the dissipative factor, related to the viscous dissipative properties of the PSA (explained by
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Maugis and Barquins^^ as a combination of dimensionless thermodynamic constant (j), a “shift 
factor”, ÜT, and crack speed, v). Although the relationship is not simple, they show that for 
simple elastomers with adhesion due to van der Waals interactions alone, the following 
approximation can be made:
(p % k  tan  S (cu) [2.29]
where k  is an experimentally determined constant. Replacing Young’s modulus E  with the 
elastic modulus as a function o f frequency, E(co) (which is related by a numeric factor), it can 
be written:
Qc_ _  ^o[l+0(arv)] _  ^p[l+fctang(ù))] _  , ^[tan^Çûj)]
E ^  E '(û)) ”  E'(û>) ~  E '(o)) [2.30]
The constants k  and Qq relate to the surface morphology, and surface energy of the 
adhesive and adherend, respectively. Qq represents the threshold fracture energy, a term 
dependant on the interfacial energy between the film surface and the probe. In the case o f all 
experiments presented in this thesis, the probe material remains constant (steel) and thus ^0
can be dropped. The constant Â: is a dissipation term dependent on probe velocity. Since all
tests are performed at the same velocity and with similar film thicknesses, k  is also dropped.
Therefore, the relationship can be further simplified to:
[2.31]
gc _  j^9o[tan6(iù))] ^  tan5
E' (co) E'
Tan J  is the ratio of the elastic modulus to the loss modulus. This relationship can be 
measured experimentally using DMA and is usually quoted at 1 Hz. Together with the 
Dahlquist criterion, tan 0/ E' is another good experimental predicator, based on viscoelastic 
properties, for the quality of a PSA.
It should be noted that both the Dahlquist criterion and tan ô/E ' will give apparent good 
predictions when E' is very low, indicating that a soft solid will act as a good PSA. In reality, 
a material with a very low elastic modulus will be too liquid like for a PSA as it will not resist 
creep, nor debond adhesively from a substrate.
It is also pertinent to clarify that tan 3/ E' is only relevant for materials of the same 
thickness, tested at the same debonding speed and with the same probe surface energy. These 
three conditions are true for all experiments in this thesis.
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2.3.5 Shear & Creep
A PSA must, in addition to being soft and deformable in order to achieve good wetting 
and fibrillation, be able to resist the slow deformation under the weight o f the adherend, and 
other shear stresses. It has been shown that the rheological properties of a polymer system are 
important in determining its adhesive properties.^^’'^ ’^^ '^  A desirable trait for PSAs is to be 
solid-like enough to achieve good shear resistance -  the ability of the material to withstand a 
shear stress for long periods of time -  whilst retaining dissipative properties in order to 
fibrillate. In industry, shear resistance tests are often administered by measuring the time to 
shear failure."^ "^ ’^ ^
Information on shear resistance can also be obtained through creep analysis.^^ The 
phenomenon of shear deformation at low stresses (below yield strength) is known as creep, 
and is detrimental for most adhesive applications in which materials with low creep resistance 
are likely to deform, and show undesirable sagging, over time. Adhesives produced in 
industry are typically subject to a creep test to help determine their longevity.
A common problem when designing polymers for PSA applications is the inverse 
correlation of shear strength and adhesion (both tack and peel) properties.^^ High shear 
resistance may be obtained by increasing the stiffness of an adhesive material. However, a 
higher modulus leads to poor wetting and low ratio o f tan ô/E ', hence limited or no 
fibrillation during debonding. The stress required to deform the material can become higher 
than the interfacial bond strength, and interfacial crack growth will result (resulting in a clean 
debond with no fibrillation). On the other hand, high tack and peel adhesion requires a 
viscous component that diminishes the shear resistance.*^
Information regarding an adhesive’s shear strength can be obtained by studying its 
creep resistance.^^ Creep is the time-dependent strain, s, resulting from the application o f an 
instantaneous stress, cr. Bellamine et al. showed that light crosslinking imparts good creep 
resistance.^^ Analysis of creep data allows the elastic and viscous components of a material to 
be extracted and related to shear resistance. Parameters for the time-dependent viscous and 
liquid components of the material can be calculated using Burger’s model.^**’^ * The material’s 
viscoelastic behaviour can be interpreted as resulting from a combination of Newtonian 
dashpots (describing viscous flow) and Hookean springs (describing elasticity), as shown in 
Figure With analysis of creep data, the elastic and viscous components of a material
can be extracted.
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In Burger’s model, Eh represents the time-independent, virtually-instantaneous elastic 
modulus at small strains, which leads to the purely elastic (Hookean) strain before dissipative 
effects begin. Ek and tjK represent the combination of an elastic modulus and viscosity, 
respectively, acting in parallel at intermediate strains to provide the viscoelastic response. The 
response as a Newtonian liquid at high strains (beyond the pseudo-yield point) is represented 
by a classical viscosity, In the cuiwed region of the creep response, a more viscous 
material has a slower relaxation, as indicated by higher values o f Ek and rjK. This relaxation is 
described by a retardation time, %  defined as î-ik/Ek .^  ^ The derivation of Burger’s model is 
presented here as a summary of derivations shown elsewhere.^^’^ ^
Newtonian
Liquid y
c
(0 Kelvin-Voigt, E ^ vjk 
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Time
Figure 2.8. Viscous and elastic components o f an experimental creep curve as interpreted by Burger’s model. 
(Redrawn from Wang et z \E )
The stress-strain response of an ideal spring follows Hooke’s Law
— E h - %
where Eh is the spring constant (elastic component), and stress is directly proportional to 
strain.
The stress -strain response of an ideal dashpot according to Newtonian law is:
dSH
cTh  = v dt [2.33]
where r] is dynamic viscosity, and àe^At the strain rate.
Making the assumption that strain rate under a given load is constant (for an ideal 
dashpot system), equation 2.33 becomes (rearranging for strain):
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apjt
Sn = —  [2.34]
Since as the Kelvin-Voigt viscoelastic component of stress (as shown in Figure 2.8) 
comprises both Newtonian and Hookean stresses (o)v and oh) “in parallel”; (Tk can be said to 
be the sum of the two components: (Tk -  + ^h. Both components are acted on by the same
strain, s k  =  s h =  £n. The Kelvin-Voigt stress is thus modelled by the sum of equations 2.32 
and 2.33:
%  =  [2.35]
So, strain as a function of time becomes:
P.36]
Burger’s model sums the Hookean spring, Newtonian dashpot, and Kelvin-Voigt model 
“in series” in order to represent the strain o f a viscoelastic material:
%  ~  %  "I" %  12.37]
Giving the final expression for Burger’s Model;
 ^ ,, [2.38]
I n  Ek I V 7]k J \
where stress is equal for all components. This equation is then used to model 
experimental curves, adjusting parameters E h , E k ,  and tjk  to gain the best fit. Burger’s 
model parameters can then be presented as quantitative representations of a material’s elastic 
and viscous components.
2.3.6 Glass Transition Temperature
With regards to a polymer system, the glass transition is a reversible transition between 
a hard (and relatively brittle) state and a soft (molten or rubbery) state. It is a transition 
between glassy and liquid states and provides useful information about the viscosity o f a 
sample at the ambient temperature. It is considered a dynamic phenomenon rather than a true 
phase transition, as there is no change of state. It is observed as a characteristic step in the 
heat capacity when raising or lowering the temperature above or below the glass transition 
temperature (7^) of the material. It is easily measured experimentally and is a good indicator 
of the material properties.^^’^ ^
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The glass transition temperature is always lower than the melting temperature of a 
material’s crystalline state. A sample with a Tg above room temperature will be in its solid­
like glassy state {i.e. hard) at this temperature, whilst a material with a glass transition 
temperature lower than room temperature will be liquid-like {i.e. soft).^^ For use in standard 
conditions, a PSA must have a low Tg, ideally between -30 °C and -40 °C. (In some cases Tg 
may be as low as -50 °C depending on other characteristics.) This, as a general rule, means 
the material will be compliant and tacky.
The Tg, in relation to the experimental temperature, has a significant effect on the 
modulus.^^ Chu compared the Tg and dynamic mechanical properties of common elastomers 
with their adhesive performance, establishing a relationship between modulus and Tg.^ '^  
Polymers above their glass transition temperature are viscoelastic, which is a requirement for 
PSAs. A low Tg {i.e. below room temperature) material will be viscoelastic, ensuring the PSA 
will be able to flow sufficiently to enable good (and close) surface contact with the adherend. 
This is important because PSAs bond primarily under close-range van der Waals forces, 
which require the close proximity o f adhesive and adherend to increase the bond strength. If 
Tg is too low, the material will be too liquid-like and not display good adhesive properties 
when debonding. O f course, other important factors such as crosslinking, which may not 
affect the Tg or dynamic modulus, must also be considered.
2.4 Tuning PSAs for Improved Adhesive Properties
2.4.1 Synthesis
A key advantage of emulsion polymerisation is the ability to customise at the nanoscale 
le v e l.E m u ls io n  particle structure and composition can have a dramatic effect on the 
viscoelastic properties of the final material. For example, core-shell systems are 
common.^’^ ’^^  ^When such particles form a film, the shells create a percolating structure that 
strongly influences the viscoelastic p roperties .T he  fraction o f each component can be easily 
adjusted by changing the comonomer composition of the core, and adjustment of the reaction 
kinetics can control polydispersity. Judicious addition of surfactant and stabilisers allows fine 
control of particle size and each component’s location within the particle i.e. core/shell 
morphology. The technique is widely used in the paint and coatings industries, as well as the 
adhesive industry. Foster et al. introduce the concept of using structured (core-shell) particles
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and controlling the degree of crosslinking to control viscoelasticity, in order to optimise peel 
and shear strength in waterborne polymer adhesives/® Wang et al. reported latexes with the 
smaller particle sizes had better wetting, and therefore higher peel adhesion forces/^ Whilst 
emulsion polymerisation is now established as a leading method of PSA production, 
supramolecular networks have also recently been demonstrated to exhibit soft adhesion, and 
may be used more in the future/^
For applications in soft adhesives, the molecular structure plays a vital role in designing 
the system. Sol-to-gel ratio, entanglement and average molecular weights have all been 
shown to be important factors in controlling the adhesive properties o f pressure-sensitive 
adhesives.^^’^ ’^^®’"^®’^  ^ PSAs require a delicate balance of viscoelastic properties to achieve 
good adhesion. The link between viscoelasticity and the influence of bulk properties on 
adhesion has been widely s t u d i e d . O ’Connor  and Willenbacher investigated the 
effect of molecular weight on PSAs, findmg cavitation and fibrillation occurred above a 
threshold molecular weight.^^ Zosel explored the link between fibrillation and molecular 
entanglement weight (Mg), finding a high Me (greater than 1 x 1 g/mol) is required for 
fibrillation.^^ The mechanical properties required for a good PSA are discussed ftxrther in 
sections 1.1 and 2.3.
The PSA must be liquid-like in order to make good contact with the adherend, but must 
maintain a degree of strength whilst debonding in order to achieve fibrillation and attain a 
high adhesion energy. This can be accomplished by crosslinking the polymer,"^^ which results 
in strain-hardening prior to an adhesive’s detachment from the adherend.^^’^  ^ The adhesion 
energy is therefore greater, and there is clean detachment from the adherend with no residual 
material (referred to as adhesive failure -  as demonstrated in Figure 2.1, (4)."^  ^Deplace et al. 
showed a high adhesion energy can be achieved by carefully tuning the crosslinking of a soft 
nanocomposite to achieve a good balance of viscoelastic and elastic properties."^®
2.4.2 Nanocomposites
Nanocomposites can potentially offer a means to adjust the properties to achieve both 
high shear resistance and tack adhesion in the same material. Recently, Degrandi-Contraires 
et al. used hybrid urethane/acrylic particles to significantly improve the shear resistance, but 
simultaneously compromised the adhesion.^^ Bellamine et al. blended hard nanoparticles into 
a waterborne adhesive to impart high shear strength and creep resistance, while retaining 
acceptably high peel adhesion energies.®^ Xu et al. varied the methaciylic acid (MMA)
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content in a latex blend, finding a trade off in shear strength (that opposed improved adhesive 
properties) when the harder MMA phase was increased, but found an optimum composition 
where peel and shear properties were acceptable/® In an early work, Bott et al. recognised the 
miscibility of hard-soft polymer blends as a means to modify mechanical properties/^ Tang 
and coworkers developed high Tg — low Tg latex blends and saw improved mechanical 
properties in adhesive films/^ Foster et al. created core/shell structured nanocomposites to 
improve shear strength/® Others have found correlation between the fraction o f the hard 
particle phase and the mechanical properties of films/^’^ "^
Carbon nanotubes (CNTs) are molecule-sized carbon structures arranged in tubular 
form with a large length-to-diameter ratio. They have useful thermal, electrical and 
mechanical properties which are considered unusually high in comparison to those of other 
materials. They are expected to become commonplace in many applications in the near future, 
especially within materials science,^®’^® including their use for the mechanical reinforcement 
of polymers.^^ Wang et al. used a small (0.3 wt. %) amount o f CNTs to increase the adhesion 
energy of a soft polymer by 85%.^^ Others have shown improved creep resistance with 
addition of carbon n an o tu b es,s ilica  fillers,^® and hard silica n a n o p a rtic le s .R e c e n tly , 
polymer-clay nanocomposites have been used to improve mechanical properties and tensile 
strength.^^~^® For example, Wang et al. used a small amount (2.7 wt. %) of hybrid Laponite 
clay particles to surround a soft Poly Butyl Acrylate (PBuA) latex, creating an armoured PSA 
particle and improving adhesion by 45%.^^ Negrete-Herrara et al. observed a 50-fold increase 
in Young’s modulus for a nanocomposite enriched with clay,^^ whilst Haraguchi et al. 
obtained a 500% increase in tensile strength in optimised clay nanocomposites.^^ Tang et al. 
created a multilayer nanostructured composite incorporating ionic crosslinking of 
polyelectrolyte chains in order to create a close replica o f nacre (known as “mother o f pearl”), 
a strong natural biocomposite found in the shells of molluscs.^®®
Colloidal nanocomposites have been used in PSAs. Degrandi-Contraires et aO^^ 
studied films made from blends of small hard particles and large soft particles and showed 
that their adhesive properties could be adjusted by varying the volume fraction of the hard 
phase. Bellamine and co-workers compared the effects o f the addition o f a hard nanoparticle 
phase or a crosslinking agent to a PSA, and found that both were able to increase shear 
resistance, whilst maintaining peel resistance.®^
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Elsewhere, it has been demonstrated how the adhesive properties depend on the bulk 
properties of a PSA polymer/^ For example, the polymer typically should not have a storage 
shear modulus, G \  greater than 0.1 MPa at 1 Hz, or it becomes too solid-like, according to 
the so-called Dahlquist criterion.^^ Furthermore, the polymer must be sufficiently dissipative, 
as gauged by the ratio of the loss modulus over the shear modulus Thus, it is
expected that good tack adhesion will be not be attained when the bulk properties of a 
nanocomposite lie outside of the acceptable range.
2.4.3 Acrylic Acid
Acrylic acid (AA) (or methacrylic acid) monomer is often used to help the colloidal 
stabilisation of latexes during the emulsion polymerisation synthesis, since the anionic 
carboxylate groups confer electrostatic repulsion at neutral pH. Small amounts o f these 
comonomers are required in soft waterborne latex formulations to improve colloidal stability, 
as well as to raise the bulk properties (thanks to its comparatively high Tg) to impart greater 
adhesive strength. . Even low volumes of AA increase the modulus (both at low
frequency and under elongation). AA contributes to gel formation, and high AA content can 
result in improved adhesive performance through hydrogen bonding interactions. ^^ d03,i04
The spatial location of the acrylic acid moieties within a particle has been shown to be 
important in determining properties. Garrett et al. showed that a low fraction o f AA residues 
in the particle core led to higher peel adhesion strength, whilst an AA-rich core resulted in a 
higher shear strength, but a loss of adhesion.^® Above 5 vol. %, AA moieties plasticised the 
polymer, resulting in poor adhesive and shear performance. Below 5 vol. %, raising the AA 
content in a copolymer shell acts to stiffen the material, thereby increasing its shear strength 
but diminishing its adhesive properties. Hydrogen bonding and ionic interactions in partially- 
neutralised AA repeat units were identified as the hardening mechanism. The correlation 
between phase mobility (restricted by hydrogen bonding) and rising Tg is well described.^®® 
The addition of AA comonomer to a formulation can also reduce its film barrier properties. 
Butler et al. suggest that the primary role of an AA comonomer in reducing water resistance 
is its prevention o f the coalescence of the copolymer particles to form a continuous film.^ ®®
The presence of AA in a latex formulation offers a strategy for adjusting properties via 
pH variation. The carboxylic acid groups in the AA residues exist in their neutral (COOH) 
form at low pH. At higher pH, anionic carboxylate (COO ) groups are formed, with a typical 
pKa of around 4.5.^ ®^ ’^ ®^ This anionic character imparts hydrophilicity. Lowering the pH prior
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to film formation is known to enhance water resistance in acrylic latex f i l m s T h e  minimum 
film formation temperature of acrylic-based latex films was shown to be independent of 
solution pH/®^
The solution pH of an aqueous latex also has an influence on the final bonding 
interactions in the dry films. In films cast from an AA-containing latex at low pH, Wang et al. 
observed the formation of hydrogen bonds between neighbouring COOH groups. ^ ®^ At 
neutral or alkaline pH, anionic carboxylate groups with Na^ (or NH^’^ ) counter-ions create 
dipoles. Dipolar interactions were found to be responsible for increasing the elastic modulus 
of the soft copolymer film. Raising the solution pH improved adhesive performance.*®^ 
Elsewhere, the pH-sensitivity o f the copolymerised AA residues has been exploited to 
produce reversible permeability in cell membranes.**®
Pinprayoon et a l found the pH neutralisation o f core-shell nanoparticle dispersions 
mixed with ZnO particles led to an increase in the material’s modulus. Aqueous Zn^ "^  ions 
neutralised carboxylic groups, imparting ionic crosslinking***. Tungchaiwattana et a l  show 
these nanostructured core-shell ionomer films can be finely tuned by controlling the extent of 
crosslinking via adjusting the amount of chain transfer agent (CTA) used.**^
2.5 Novel Properties of Adhesives
Whilst adhesives generally serve a single purpose, there are increasing demands for 
multifunctional materials. For example, electrically conductive polymers can be achieved 
through the addition of fibres or carbon nanotubes.^^’**® In particular, conductive adhesives 
may be used as interconnects in electronics assemblies.**"* Other recently-emerging 
applications of PSAs include transdermal drug delivery**® and adherent feet for climbing 
robots.**®’**^
At the micro- and nano-scales, there is interest in patterned bio-adhesives.**^ Yoon et a l  show 
the development of a biological breadboard platform, regulating cell adhesion by patterning 
adhesive and repulsive regions.**^ The need for a patterned (fibrillar) adhesive microstructure 
has been highlighted,*^® which aids tolerance of imperfect surfaces.*^* Many current adhesive 
technologies take inspiration from nature,"* citing the adhesive hair-fibrils on the foot o f the 
gecko in particular.®®’*^ ’^*^®
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2.5.1 Switchable Adhesives
With increased emphasis on recycling and the re-use of materials, there is greater 
interest in adhesives that de-bond or “switch o ff’ on demand when triggered by an external 
stimulus. In “green” applications, switchable PSAs would allow the easy removal of adhesive 
labels and the clean recycling of packaging, and in principle enable facile dis-assembly and 
re-use of electronic components.**"*
The technical feasibility of switchable PSAs has been demonstrated using various 
external stimuli, including light, humidity and temperature. For example, the peel strength of 
methacrylate-functionalised adhesives containing a photoinitiator was reduced when they 
were irradiated under a halogen lamp, as a result of photo-initiated crosslinking that raised the 
elastic modulus.*^"* When the light intensity was sufficiently high (> 2000 lux) and the 
irradiation time exceeded five minutes, the polymer mobility was sharply reduced, resulting 
in almost complete loss of adhesion.*^® In medical applications, the adhesion force during the 
removal of an adhesive from human skin correlates with the level of pain experienced by the 
patient.*^® Switchable adhesives can be used in bandages to help ensure the painless removal 
of wound dressings from sensitive skin by lowering the adhesion energy before removal. *^ ^
Two-way switching of adhesion has been obtained in coumarin-functionalised acrylate 
adhesives, wherein UVA radiation was used to switch o ff  the adhesion (via over­
crosslinking), followed by UVC radiation to partially switch it back on}^^ For a light- 
switchable adhesive to be useful, it needs to be protected from light prior to switching, and 
the backing or the adherend must be transparent, fri an alternative strategy, the ambient 
humidity has been used to adjust the surface composition of polymer blend films, which in 
turn modified the adhesion energy. However, in this case the effect was relatively minor (less 
than a factor o f two).*^^ There are numerous examples o f the switchable wetting and adhesion 
of polymer brush surfaces using an external stimulus.*®® This strategy modifies the adherent 
surface but not the adhesive itself. For example. La Spina et al. used pH-responsive polymer 
brushes to create reversible adhesion in an aqueous solution.*®*
Switching adhesion off or on via a thermally-induced surface phase transition is 
particularly attractive for medical adhesives. *^  ^ Elsewhere, the shear strength of 
semicrystalline PSAs has been shown to drop sharply when they are heated above the crystal 
melting temperature.*®^ fri a liquid crystalline polymer, there is a transition between a non- 
tacky and a tacky regime that occurs very abruptly at the smectic-to-isotropic phase transition
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temperature due to changes to the surface structure and wettability.*®® These examples of 
temperature-switchable adhesion are noteworthy, but they are not widely applicable, as they 
require specific chemical compositions and architectures.
Ideally, a switchable adhesive should exhibit the following characteristics: (1) fast 
(preferably instantaneous) switching firom tacky to non-tacky states; (2 ) stability over time 
under standard temperature, illumination and humidity conditions; (3) reliance on standard 
adhesive materials without the need for the introduction of complicated and expensive 
chemical modifications; and (4) an ability to pattern surfaces to switch adhesion only within a 
desired region. In this thesis, nanocomposite adhesives were designed to offer these four 
desirable features. Additionally, the switchable debonding of adhering surfaces is desirable, 
but this characteristic is not studied in the present work.
It is well established that the bulk mechanical properties of colloidal nanocomposites 
can be conveniently tuned through the blending of glassy {i.e. hard) and rubbery {i.e. soft) 
particles.^^ This physical — rather than chemical — strategy does not require costly monomer 
synthesis or modifications of composition. In an important early work, Chevalier et n/.*®"* 
showed that hard polystyrene particles could be packed around soft particles as a means to 
control microstructure and the resulting mechanical properties. They found an increase in the 
elastic modulus above that predicted by mean-field theory when the nanocomposite was 
annealed above the Tg o f the polystyrene particles. It is known that the creation of a glassy 
percolating network results in a significant rise in the elastic modulus o f a material.*®® The 
sintering of the reinforcing hard particles by Chevalier et al. created a stiff skeleton that raised 
the nanocomposite’s elastic modulus.*®"* Their work nicely demonstrates a physical 
mechanism to “switch” a nanocomposite’s mechanical properties.
In blends of colloidal particles of differing size, the continuous phase is determined by 
the relative size ratios and volume fractions of the constituents. As a general rule, smaller 
particles are able to pack around larger particles efficiently to create a continuous percolating 
phase at lower volume concentrations, compared to systems comprised of similar-size 
particles.*®® The effect o f the volume fraction and particle size on the mechanical properties 
of high Tg / low Tg blends has been studied in depth*®^“*"*® with application of Halpin-Tsai 
theory.*"**
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2.5.2 Patterned Adhesives
There is a growing need for adhesives that are patterned such that only a portion of their 
surface is tacky. For instance, electronic components must be attached at specified positions 
on a breadboard, on which electrically-conductive adhesives replace metallic solders.*"*^ '*"*"* 
PSAs are used to hold components to printed circuit boards prior to soldering, which is highly 
necessary to avoid misplacement of components during high-speed construction.*"*®’*"*® They 
also provide stress relief to soldered components, preventing premature failure.*"*^
Northen and Turner*"*  ^ highlight the advantages o f the ability to precisely pattern an 
adhesive for chip recognition or self-assembly strategies. Permanent adhesives make it 
impossible to upgrade or modify, or recycle printed circuit boards (PCBs).*"*® Industry is 
moving away from permanent solder to environmentally friendly and upgradable materials, 
such as waterborne adhesives. Soldering processes using tin or lead are not supported by the 
environmental directive Waste Electrical and Electronic Equipment and the Restriction o f  
Hazardous Substances ” and the use of electrically conductive adhesives has been proposed as 
an alternative.*®®’*®*
PCBs are the most common means of quickly and cheaply mechanically and electrically 
connecting circuit board components. Advancements in PCB printing technology mean more 
intricate patterns can be printed in faster times and at lower costs. *®^“*®"* There are advantages 
in precisely patterning an adhesive for chip recognition or self-assembly strategies.*"*  ^ In 
biomedical research, there is a need to control precisely the positions of mammalian cell 
attachment to adhesive surfaces.*®®”*®^ With inspiration from electronics, a “biological 
breadboard” platform has been developed to regulate cell adhesion through the patterning of 
adhesive and repulsive regions.**^ In tapes and labels, the modulation of the elastic modulus 
laterally across a PSA imparts usefiil peel characteristics.*®^ The idea of patterning different 
regions o f the same adhesive material to influence the peel-off of tapes and labels, creating 
adhesive and non-adhesive regions for commercial applications was patented in 1988.*®^
The patterned adhesion of objects on a substrate can be achieved through the use of 
adhesive patches or by cutting out portions of a large adhesive sheet to leave adhesive regions 
at the appropriate locations. In biomedical applications, adhesive molecules have been printed 
using micro-contact methods to create patterns to direct cellular attachment,*®® and adhesive 
surfaces have been patterned through chemical modifications.*®®
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Patterned adhesives also present a physical means to achieve analogue breadboard 
prototypes on a large scale. Adhesives are used to tack wires to specific routes, typically 
using epoxy resins. With increasingly intricate patterns, a means of patterning the wire- 
tacking routes would be useful. Epoxy adhesives for electronics have been patterned with 
stencils.*®*
An alternative approach is to create a large-area adhesive surface and then to “switch 
o ff’ the adhesion in selected regions. In an early example, Geiss and Meyer-Roscher 
patterned the UV radiation of an adhesive layer to create crosslinks only in selected areas, 
causing a loss of the tack adhesion there.®® The crosslmked areas were hardened and so lost 
their functionality as adhesives. Their approach requires the introduction of crosslinking 
chemistry to the material. The adhesive must be protected from UV radiation to prevent 
unwanted loss of adhesion, and hence care must be taken in the storage and packaging before 
and after use.
2.6 Summary
Over the last 50 years, polymer research has provided a good understanding of the 
physical properties of materials developed for PSA applications. Driven by environmental 
concerns over the emission of VOCs, waterborne polymer systems (latexes) have become a 
material of choice for many applications, including pressure-sensitive adhesives.
The link between the adhesive debonding mechanism and overall energy of adhesion, 
and the material’s bulk, rheological and viscoelastic properties is well understood. Research 
continues to correlate properties at the nanoscale with adhesive debonding mechanisms, and 
furthermore understanding of composite materials has led to their use in creating new, better 
adhesive materials. Emerging applications in small-scale electronic assemblies give rise to 
research into conductive adhesives, and switchable adhesives may have applications in 
recycling and patterning materials.
In the present work, the groundwork in soft matter theory and an appreciation of 
previous research leads to new formulations for latex pressure-sensitive adhesives. Their 
experimental development and optimisation is outlined in the following chapters.
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Chapter 3
Experimental Methods
The key material properties required to attain good pressure-sensitive adhesive 
properties, as well as the types of mechanical test employed to characterise these materials, 
were described in Chapter 2. In this chapter, the specific experimental methods used to 
characterise the properties of pressure-sensitive adhesives used in this thesis are described. 
The experimental methods include probe-tack, peel and loop tack tests to assess adhesive 
properties; DMA, creep and large strain tests to evaluate bulk properties; DSC to measure the 
Tg, ATM to probe the surface structure of the materials at the nanoscale; and ToF-SIMS to 
analyse the surface composition o f materials.
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This thesis focuses solely on the characterisation and optimisation of various 
waterborne butyl acrylate-based latexes prepared by emulsion polymerisation, in some cases 
blended with various hard nanoparticles. The details of each particular system are outlined 
within the “Materials” section of each chapter. Whilst specific samples vary in their exact 
composition, all systems are colloidal dispersions in water with solids contents of between 
30-60 wt. %. The same procedures for sample preparation were followed in all cases. 
Relevant polymer blending and preparation details are included in the “Materials” section of 
each chapter.
Samples were stored in airtight glass jars away firom direct light. Before use, all 
dispersions were agitated using a commercial agitator (Yellow line OS2 basic agitator) at 500 
oscillations per minute for 2 hours, and allowed to rest for 30 minutes before use.
3.1 Probe Tack Experiment
The probe tack test is a mechanical test of adhesion in which a probe is brought into 
contact with the sample for a short period of time before being removed at a constant 
velocity. The force required for the probe to be removed is recorded. The resulting stress- 
strain curve reveals many characteristics of the material which can be comprehensively 
analysed, and ultimately yields a quantitate measure of the energy of adhesion.
As detailed in Chapter 2, the probe tack test is a key indicator of the adhesive properties 
of a pressure-sensitive adhesive material. The experimental procedure used in this work 
follows a method similar to that outlined in a majority of other studies on PSAs.
An important factor in ensuring good, repeatable probe-tack results across various 
samples is to maintain strict experimental conditions and procedure throughout each test. The 
following method was applied to all samples studied throughout this thesis, so it is possible to 
compare the resulting adhesive properties across the board.
3.1.1 Sample Preparation
The dispersions were cast on glass substrates using a 200 pm cube applicator. Wet 
samples have a thickness of approximately 200 pm. After casting, samples were kept flat, 
shielded from dust and light, and allowed to dry at room temperature for at least 8 hours (but
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not more than 24 hours). All o f the dried films had thicknesses ranging from 80 to 100 pm, 
according to measurements with digital callipers, averaged over five measurements.
3.1.2 Special Considerations: Drying and Film Formation
In industrial procedures, it is common to follow the air-drying of adhesive films with a 
final annealing step in order to remove any remaining residual water and ensure homogeneity 
of the final film. The procedure was implemented as follows for materials used in Chapters 6 
and 7: after air drying, films were placed in a convection oven at 105 °C for 3 minutes. Films 
were then removed to fresh air and allowed to cool to room temperature over a two hour 
period before use.
The adhesives used in Chapters 4 and 5 are temperature-responsive and thus were not 
subject to the annealing procedure, as this would prematurely induce the post-heating changes 
in the materials. This is the case for all preparations in this thesis, where a heated drying step 
is normally implemented.
3.1.3 Procedure
Probe-tack analysis of the nanocomposite films on glass plates followed the Avery 
Adhesive Test method*®  ^ with an industrial texture analyser (Stable Micro Systems, 
Godalming, UK), using a spherical (2.54 cm diameter) stainless steel probe, as shown in 
Figure 2.1. The probe was lowered onto the fihn with a load of 4.9 N and allowed 1 s of 
contact before being withdrawn from the film surface at a constant velocity of 0.1 mm s'*, 
which corresponds to an initial strain rate of approximately 1 s'*. Force-displacement curves 
were recorded. For each sample, five replicate measurements were made. The diameter o f the 
contact area was measured under an optical microscope using a stage micrometre. In the work 
presented in this thesis, all experiments were carried out at room temperature (2 2  °C).
Experimental analysis was carried out following the methods outlined in section 2.2.1.
3.2 180 ° Peel Test
3.2.1 Sample Preparation
To prepare specimens, dispersions were cast on 50 pm thick polypropylene sheets using 
an automatic film coater with a film width of 15cm, and wet film thickness of 200 pm. The
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same drying process as for films cast on glass substrates was used, including special 
considerations for temperature-responsive systems. Samples were cut to 25 mm x 150 mm 
strips, and a 50 mm x 25 mm tab of paper was attached to cover one end o f the adhesive tape, 
leaving a non-adhesive tab at that end.
3.2.2 Procedure
The adhesive strip was then placed on a metallic plate, and a 2kg roller was rolled the 
length of the sample four times to ensure good contact between the film and substrate. The 
samples were then left for 30 minutes at room temperature before the metallic plate was 
clamped vertically in the peel test apparatus. Peel tests were carried out by the author at Cytec 
Surface Specialties, Belgium using a Universal Mechanical Testing Machine (Zwick, Uhn, 
Germany).
The paper-tabbed end of the adhesive strip was then clamped in the tensile apparatus at 
180 ° to the rest of the strip (as shown in Figure 2.3a). The strip was then peeled off at a set 
velocity of 5 mm s'*, whilst recording the force. The procedure was repeated twice (with fresh 
strips) for each material and a value for the average peel force over the length of the strip, and 
maximum and minimum peel strengths were reported. All experiments were carried out at 
room temperature (22 °C).
3.3 Loop Tack Test
The loop tack test measures the force required to separate a standard-sized loop of 
adhesive (on a flexible substrate) from the adherend. The flexibility o f the backing and length 
of sample (hence size of loop and contact area) influence the tack adhesion so must be kept 
constant. Samples were prepared on polypropylene sheets in the same manner as for the peel- 
tack test. When the samples were cut into 25 mm x 150 mm strips, the strip was looped upon 
itself with the adhesive on the outside, and the end secured with a small paper tab which was 
then clamped in vertical probe-tack style apparatus (see Figure 2.3b) using the same 
Universal Mechanical Testing Machine as for peel tests. Tests were carried out by the author 
at Cytec Surface Specialties, Belgium.
The loop was brought into contact with a fiat steel plate situated below the loop with a 
velocity of 5 mm s'* until full contact was achieved, before being removed at a constant
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velocity of 1 mm s’*. The procedure was repeated twice (with fresh strips) for each material 
and a value for the average maximum loop tack force was reported. All experiments were 
carried out at room temperature (22 °C).
3.4 Differential Scanning Calorimetry
As detailed in section 2.3.6, the glass transition temperature is one of several properties 
that can be used to identify and correlate material and adhesive characteristics. Differential 
Scanning Calorimetry (DSC) is a thermoanalytical technique which measures the heat 
required to raise the temperature (heat capacity) of a material as a function of time and 
temperature. The technique works by heating the sample alongside a reference of known heat 
capacity (in this case, a sealed aluminium sample holder pan) and measuring the difference in 
heat required to raise the temperature o f each sample by the same amount. The heat required 
to do so at a constant rate will fluctuate based on phase transitions occurring at particular 
temperatures, such as from solid to liquid, or more subtle changes such as the glass transition. 
If an endothermie transition is occurring, for example going from a solid to a liquid, the 
material must absorb more heat (due to the melting process) m order increase its temperature 
at the same rate as that of the reference. In an exothermic reaction, such as in crystallisation, 
less heat is required to raise the temperature of the sample. A  differential scanning 
calorimeter is able to record the difference in heat flow, and the resulting data can be plotted 
as a function of temperature. Phase transitions can be identified by exo- or endothermie peaks 
in the heat flow at the temperature of the transition.
It is important to choose the correct heating rate in order to see the required transitions. 
Slow (< 5 °C per minute) heating rates are useful to reveal subtleties in the heat flow, or to 
identify two transitions occurring at similar temperatures. However, a slow heating rate may 
cause the transition to appear weaker {i.e. the step occurs more gradually, rather than at a 
defined temperature). In this case it is possible to miss the Tg at slow heating rates, and thus a 
faster heating rate is preferred. This is especially important for cases where the Tg o f an 
additive {i.e. only a few wt. % of the sample) is required. Moreover, the temperature at which 
Tg is observed is also affected by the heating rate. In this thesis, all experimental 
measurements of Tg were collected via DSC at a heating rate of 10 °C per minute in a 
nitrogen-filled chamber.
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3.4.1 Sample Preparation
Small pellet-like samples were prepared for thermal analysis by drop-casting 1 ml 
droplets on silicone-coated paper and drying in air for 8 hours. The droplets were further 
dried in an oven at 105 °C with airflow for 3 minutes (except in cases where temperature- 
responsive materials were used, see 3.1.2), after which they were removed to fresh air, and 
allowed to cool for 2 hours before analysis. Approximately 10 mg of the dried material was 
placed in an aluminium pan, which was sealed closed with a clamp. An identical aluminium 
pan with no material inside was used as the reference sample.
3.4.2 Procedure
The heat flow of each material was analysed between approximately ± 70 °C of the 
expected transition {i.e. for an expected Tg of -30 °C, analysis was from - 100 °C to + 40 °C) 
using a differential scanning calorimeter (QIOOO TA Instruments, New Castle, DE, USA) at a 
heating rate o f 10°C per minute in nitrogen. Tg was calculated using TA Instruments 
Universal Analyzer software, identified by the mid-point of the step in heat flow.
3.5 Dynamic Mechanical Analysis
Dynamic Mechanical Analysis (DMA) is a mechanical test which provides information 
about the small-strain viscoelastic properties o f a material. A sinusoidal oscillating strain is 
applied to the material and the resulting stress is measured (or vice-versa), from which the 
complex modulus is then calculated (by analysis software). This gives values for the elastic 
(storage) and dissipative (loss) moduli in accordance with the process described in 2.3.2. 
Measurements can be made under shear or tensile strain. Variations in technique, including 
taking measurements over a range of frequencies or temperatures, can be used to extract other 
properties (such as Tf), but in this work a standard method of room temperature 
measurements at a frequency of 1 Hz is used such that results are comparable to other work, 
and to shear measurements. For an incompressible material, E' is related to the shear modulus 
G’ by a factor of three (£" = 3 G', as detailed in section 2.3.3).
3.5.1 Sample Preparation
Dispersions were cast in poly(tetra fluoroethylene) (PTFE) moulds and dried for seven 
to ten days at room temperature. Samples were then removed from the mould and (except in
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the case of temperature responsive samples (referred to as “heated samples” in Chapters 4 and 
5) were placed in a convection oven at 140 °C for 30 minutes before removing to fresh air. 
They were allowed to cool at room temperature for two hours before use. Strips (15 mm x 3 
mm X 1.5 mm measured with digital callipers) were cut from the films using a razorblade.
3.5.2 Procedure
When the ends of the strips were clamped in a tensile geometry, the central portion 
under strain was 10 mm long. DMA of these strip samples was performed using a commercial 
instrument (Q800, TA Instruments, New Castle, DE, USA) in isothermal tensile mode at 
22 °C with a strain o f 0.1 % at a frequency o f 1 Hz. Samples were acclimatised in the 
chamber for 3 minutes before tests began. Measurements were taken twice and averaged. 
E' and E” were calculated automatically via Universal Analyzer software.
3.6 Large Strain Tensile Testing
In order to study both linear and non-linear viscoelastic properties which affect complex 
adhesive debonding mechanisms, large strain tensile experiments were carried out. A large 
strain test measures the stress required to extend samples at a set strain velocity, and reveals 
information about the small instantaneous strain properties (Young’s modulus), large strain 
(deformation energy) and fracture properties, as detailed in section 2.3.1.
3.6.1 Sample Preparation
Samples were prepared in the same manner as for DMA (see 3.5.1).
3.6.2 Procedure
Tests were carried out using a commercial instrument (Stable MicroSystems Texture 
Analyser, Godalming, UK ). When the ends of the strips were clamped in a tensile geometry, 
the central sample portion under strain was 10 mm long (see Figure 3.1).
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clamp
Figure 3.1. Experimental set up for large strain tensile test rig.
Two test types were implemented:
1. Strain Until Failure Test
The samples were strained (at room temperature) at a rate of 1 mm s'* until failure, 
comparable to the probe-tack debonding velocity. (Note that the strain rates differ since strain 
is a function of sample thickness {s= v/ho}; probe-tack measurements on a 100  pm film at 
0.1  mm s'* have a strain rate of 1 s'*, whilst tensile measurements on a 10 nun sample at 
1 mm s'* have a strain rate of 0.1 s'*.) Stress -  strain curves were recorded. The test was 
repeated at least two times for each sample and average values for deformation energy, strain 
at failure, and maximum tensile strength were taken.
2. Tensile Cycling Test
Tensile cycling tests were also performed by straining samples past their pseudo-yield 
point to an extension of 2 0 % (£= 0 .2 ) at a velocity of 1 mm s'* before returning to their 
original position at a velocity of 0.1 nun s'*. This procedure was repeated five times for each 
sample, with samples being drawn taut between cycles, and their dimensions adjusted 
accordingly. The stress-strain curves and difference in deformation energy between cycles 
was recorded.
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3.7 Creep Analysis
Creep is the term given to the deformation o f a material under a constant applied small 
stress. Information on shear resistance can be obtained from creep analysis. Creep data can be 
extensively analysed using Burger’s model/®"®® which mathematically describes a material’s 
viscoelastic behaviour as a combination of Newtonian dashpots and Hookean springs.®^’®®
3.7.1 Sample Preparation
Samples were prepared as for DMA, and clamped in tensile geometry in the same 
commercial instrument (Q800, TA Instruments, New Castle, DE, USA) so as to have an 
experimental length of 10 mm.
3.7.2 Procedure
Samples were initially acclimatised by being held in equilibrium position for two 
minutes at 22 °C before a tensile stress of 0.5 MPa was applied (chosen to be less than the 
yield point of the all of samples) for 15 minutes, or until the sample yielded. Stress, a  and 
strain, e values were exported and fitted by linear regression to the Burger model (equation 
2.38) using Matlab (Mathworks, version r2012a). The calculated errors relate to the delta 
squared error on the fit in relation to the experimental curves.
3.8 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a scanning probe microscopy technique which 
uses an oscillating cantilever with a microscopically small sharp tip (typically with a radius of 
curvature on the order of nanometres) to trace the surface of a sample.
When the tip is brought close to the sample, the cantilever is subject to van der Waals 
and other short range forces, and is deflected according to Hooke’s law. Differences in the 
oscillation height of the cantilever are measured using a reflected laser and reported back to 
the electronics in order to gather information about the topography of the material.
In semi-contact (tapping) mode (used throughout this thesis), changes in the phase of 
the cantilever oscillation (driven near its resonance frequency) are also reported, giving
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information on the hardness of the material. Surface images on the order of nanometre 
resolution are attainable.
Detector and
Feedback
Electronics Cantilever
Tip
photodiode
i laser
Substrate
Figure 3.2. Experimental set up for AFM
3.8.1 Sample Preparation
To prepare specimens, dispersions were cast on 50 pm thick polypropylene sheets using 
a spiral bar coater with a film width of 15 cm, and wet film thickness of 200 pm. The same 
drying process as for films cast on glass substrates was used, including special considerations 
for temperature-responsive systems. Samples were cut to 10 mm x 10 mm and attached to a 
silicon substrate using double-sided tape, which was in turn attached to a metallic base plate.
3.8.2 Procedure
The AFM imaging was conducted in intermittent contact tapping mode on a 
commercial instrument (NT-MDT Ntegra Prima), using a silicon cantilever with a nominal 
resonant frequency of 300 Hz (Nanosensors, PPP-NCH-W), force constant of between 10 and 
130 N m'*, and set point ratio (ratio of landed magnitude voltage to free oscillation magnitude 
voltage) of 0.75. Height and phase images were recorded, and are displayed in false colour 
after third order 2-D flattening correction using commercial software (Nova, NT-MDT).
3.8.3 Cross-Section Measurements
For cross-sectional AFM samples, the same procedure was followed as for standard 
samples until the sample was dry. Then, a second polypropylene sheet was placed on top of
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the sample to create a laminate. (Before this point, specimens requiring heating were put in a 
convection oven for 30 minutes at 140 °C after which they were removed to fresh air and 
allowed to cool for 2 hours before proceeding.) Laminate samples were then cut into 10 mm x 
10 mm squares before undergoing a eryo-microtoming procedure to reveal a flat cross-section 
of the sample. The samples were placed in the liquid nitrogen-cooled chamber of a 
commercial eryo-microtome (Nova Ultratome, LKB Bromma, Sweden). Using a Diatome 
Cryo-Immuno 3mm diamond knife (Diatome AG, Biel, Switzerland), one side of the sample 
was planed approximately 100  times at slow speed in order to smooth the revealed surface 
until the sample was considered microscopically flat.
Figure 3.3. Picture o f AFM cross-section custom sample holder with laminate sample clamped within, and 
attached to a magnetic base disc.
The samples were carefully removed from the liquid nitrogen chamber and allowed to 
warm to room temperature before bemg placed in a modified sample holder to keep the 
sample firmly affixed in an upright position (see Figure 3.3). Care was taken to ensure 
samples were not squeezed or scuffed, which would damage the flat surface. AFM was then 
performed in the same manner as for the standard samples, with particular care taken to 
ensure careful positioning of the AFM tip on the correct region of the sample. A microscope 
mounted above the AFM rig was used to determine the position of the AFM tip and its 
distance from the sample edge was calculated.
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3.8.4 Surface Analysis
Nanoparticle surface coverage was calculated by converting images to binary masks 
(the example shown in Figure 3.4 used ImageJ (version 1.42) image editing software from 
the United States National Institutes of Health (http://rsb.info.nih.gov/ij). The binary mask 
was created using a Renyi entropy thresholding method to identify the phase image colour 
threshold between hard and soft particles.*®® Error was calculated by standard deviation of the 
surface coverage for three different areas on each sample.
Apply
Binary Mask
Figure 3.4. An example o f the binary mask surface analysis procedure: (left) A typical AFM phase image o f a 
two-phase polymer system, and (right) the same image with a binary mask.
3.9 ToF-SIMS
Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) experiments were 
performed to identify molecules present on the surface of adhesive fihns. ToF-SIMS analysis 
was carried out using an lON-TOF GmbH (Münster, Germany) ToF-SIMS 5 system.
ToF-SIMS is a useful technique used to analyse the surface (depth 1 - 2  nm) 
composition of thin fihns by bombarding the surface with a focused ion bean, and analysing 
the ejected secondary ions, whose charges are converted to mass spectra.
The instrument uses a refleetion-type analyser and micro-channel detector. SIMS 
spectra were acquired using a Bi®^  cluster ion beam; data acquisition was perfonned by raster
51
3. Experimental Methods
scanning the primary ion beam over a 100 pm x 100 pm area at a resolution of 64 x 64 
pixels. Samples were analysed after probe-tack testing, as one key region to be tested is the 
area o f the film that was in contact with the probe.
Each sample area was placed in a vacuum, probed three times in three different 
locations, and averages were obtained. The probe depth was around 10-20 Â fi*om the film 
surfaces.
The positive and negative ions from the sample’s outermost surfaces were collected and 
converted to the m/z = 0-500 spectra. For the quantitative analysis of components, the relative 
peak intensity (RPI) method was used. The RPI was calculated by
RPI =
h o ta l
where lindtv is the intensity of an individual peak of interest in the ToF-SIMS spectrum 
and Itotai is the intensity o f all ion peaks in the same spectrum over the entire mass range (i.e., 
the total yield).
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3.10 Appendix: Polymer Characterisation
This thesis contains research carried out by the author as part o f Cytec Surface 
Specialties’ Switchable Systems project. Polymer synthesis and characterisation was carried 
out by collaborating partners in the proj ect.
Chemists at the University of Sheffield (Yorkshire, UK) and Cytec Surface Specialties, 
(Drogenbos, Belgium) synthesised all PSA latexes used in Chapters 4-7, as well as 
nanoparticles used in Chapter 5. Nanoparticles used in Chapter 4 were synthesised at Polymat 
(San Sebastian, Spain).
Characterisation of these materials was carried out on-site by the collaborators. 
Techniques include particle size measurement by Dynamic Light Scattering (DLS), molecular 
weight by Gel Permeation Chromatography (GPC), gel content measurement by gravimetry, 
and density measurements by helium pycnometry.
Abbreviated details o f the relevant polymer syntheses are included at the start of each 
chapter. The experimental methods and details for the characterisation techniques are 
included here. All other experimental characterisation was carried out by the author.
3.10.1 Molecular Weight Distribution Measurement
The number-average molecular weight (Mn), the weight-average molecular weight (Mw) 
and the polydispersity (PDI) were determined by conventional gel permeation 
chromatography with polystyrene standards (molecular weight range from 200 -  7.5 x 10  ^
g/mol from EasyCal, Polymer Laboratories). A small portion of the sample was dissolved in 
tetrahydrofuran and injected into a liquid chromatograph (Merck-Hitachi L7100). The 
components of the sample were separated by the GPC columns based on their molecular size 
in solution and analysed by a refractive index detector. Data were gathered and processed by 
Cirrus GPC software (Polymer Laboratories).
3.10.2 Particle Size Measurement
The hydrodynamic diameter o f the dispersed particles was determined by dynamic light 
scattering (photon correlation spectroscopy) using a Delsa Nano-C particle sizer (Beckman 
Coulter). Prior to the measurement, an aliquot o f the aqueous dispersion was diluted in the 
range 0.05 to 1 w/w% using distilled de-ionised water (Milli-Q, 18MQ). The auto-correlation
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function o f the scattered light intensity was recorded at an angle of 165° and used to 
determine the translational diffusion coefficient and the polydispersity index following a 
cumulants analysis. The z-average particle size was returned from the Stokes-Einstein 
relationship.
3.10.3 Density Measurement
The solid-state densities of the dried nanoparticles were measured at 20 °C using a 
helium pycnometer (Micrometritics AccuPyc 1330). All measurements were performed three 
times on 0.12-0.16 g o f dry sample.
3.10.4 Gel Content Measurement
Cleaned metallic trays (1.5 cm x 4 .5  cm) were coated with the polymer sample and 
dried at room temperature for 24 hours, before being immersed in tetrahydrofuran for 24 
hours and subsequently dried at 110 °C for 1 hour. The non-soluble fraction was determined 
gravimetrically from the residual coating mass left on the tray.
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Chapter 4
Optimising and Switching off Tack Adhesion Using 
a Nanocomposite PSA via Sintering
In this chapter, a new strategy to switch off the tack adhesion in a model nanocomposite 
adhesive, in which temperature is the trigger, is described. The nanocomposite comprises 
hard methacrylic nanoparticles blended with a colloidal dispersion of soft copolymer 
particles. At relatively low volume fractions, the nanoparticles (50 nm diameter) accumulate 
near the film surface, where they pack around the larger soft particles (270 nm). The 
viscoelasticity of the nanocomposite is adjusted via the nanoparticle concentration. When the 
nanocomposite is heated above the glass transition temperature o f the nanoparticles 
{Tg =130 °C), they sinter together to create a rigid network that raises the elastic modulus at 
room temperature. The tack adhesion is switched off. In optimised compositions, tack 
adhesion is switched off within 30 seconds via intense infi*ared radiation.
Part o f  this chapter has been published in Applied Materials & Interfaces as: R.S Gurney, D. Dupin, J. S. Nunes, K. Ouzineb, E. Siband, J. 
M. Asua, S. P. Armes and J. L. Keddie; Switehing O ff the Tackiness o f  a Nanocomposite Adhesive in 30 s via Infrared Sintering, Vol. 
4,Issue 10,2012 pp. 5442-5452
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4.1 Introduction
This chapter outlines the effect of blending high-2^ nanoparticles with a soft PSA latex 
formulation. The adhesive and mechanical properties of the new nanocomposites are 
presented, and the effect of varying nanoparticle content is discussed.
A new strategy is introduced to achieve one-way switchable tack adhesion. After tuning 
the volume fraction of hard nanoparticles (NPs) in a colloidal nanocomposite, the percolating 
chains of hard NPs are sintered to transform them into a continuous percolating network (see 
Figure 4.1), which raises the modulus above the Dahlquist criterion and thereby switches off 
the tack adhesion properties. The switch-off of adhesive properties is explained in terms of 
the mechanical and surface properties. A model is proposed to assess the stratification of 
nanoparticles throughout the film.
(a) (b)
Figure 4.1. Two-dimensional graphical representation o f a two-phase hard/soft particle blend. Hard 
nanoparticles (red) create a percolating network in the larger soft particles (blue), (a) Before sintering, the 
particles are separate but in physical contact, (b) After sintering, the particles are fused into a rigid network.
4.2 Materials
4.2.1 Synthesis of Standard PSA Latexes
In this chapter, two PSA latexes are studied, named PI and P2. Both latexes were synthesised 
by collaborators at Cytec Surface Specialties (Drogenbos, Belgium) using a semi-continuous 
emulsion polymerisation. The procedures listed here are simplified in line with a 
confidentiality agreement with Cytec. For PI, de-ionised water and 40 nm seed particles were 
added to a reactor equipped with a double-jacket heated at 83 °C. Separately, a pre-emulsion
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of monomer was prepared by adding de-ionised water, surfactants, a buffer and the 
monomers. The monomer mixture is based on n-butyl acrylate, acrylic acid, methyl 
methacrylate and ethyl acrylate. When the reactor temperature reached 83 °C, an aqueous 
solution of sodium persulfate and the pre-emulsion were added simultaneously over 4 hours. 
After complete addition of the pre-emulsion and the initiator solution, the reactor was cooled 
down and the latex dispersion was filtered to estimate the coagulum and placed in jars. The 
recipe for the P2 latex was as for PI apart from the addition of dodecyl mercaptan to the 
monomer composition as a transfer agent to reduce the molecular weight.
4.2.2 Synthesis of P(MMA-co-MAA) Nanoparticles
P(MMA-co-MAA) nanoparticles (NPs) were prepared by collaborators at Polymat (San 
Sebastian, Spain) using semi-continuous emulsion polymerisation. In this method, 2.40 g of 
sodium dodecyl sulfate (SDS, 98.5 %, Sigma-Aldrich) and 470 ml of water were added to a 
glass reactor equipped with a stainless steel stirrer, a reflux condenser, a sampling device, a 
nitrogen gas inlet tube and a temperature probe. When the reaction temperature reached 80°C, 
a shot of initiator solution (0.32 g of ammonium persulfate (APS, > 98 %, Aldrich) and 10 ml 
of water) was added. Then, 305 g of the monomer mixture (15.25 g of methacrylic acid 
(MAA, 98.0%, Sigma-Aldrich) and 289.75 g of methyl methacrylate, MMA, Quimidroga) 
was fed very slowly over 8 hours. At a polymerisation time of 3 hours (~ 18 % solids 
content), a surfactant solution feed (comprising 11.27 g Dowfax 2A-1 (alkyldiphenyloxide 
disulfonate, 45 wt. % solution, Dow) in 35 ml water) was started. At the end of the monomer 
feed, the reaction was maintained at 80°C for more than 60 minutes in order to obtain a high 
final monomer conversion. De-ionised water was used.
During the reaction, samples were withdrawn at regular interval times, and the reaction 
was stopped by the addition of a drop of a 1 wt. % aqueous hydroquinone (Merck) solution. 
Samples were characterised regarding solids content and particle size. Solids content was 
determined by gravimetry. The average particle size (Z-average) o f the polymeric 
nanoparticles was measured by dynamic light scattering (DLS) with a Zetasizer Nano ZS 
apparatus (Malvern Instruments). Before the analysis, the samples were diluted with de­
ionised water in order to avoid multiple scattering. The value was obtained from the average 
of two repeated measurements. According to the manufacturer, for a well dispersed and stable 
sample, the accuracy and precision of the measurements should be within 2 %.
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4.2.3 Polymer Blend Preparation
The nanoparticles were blended drop-wise with the PI and P2 latexes at various 
concentrations. Blends were mixed using a magnetic stirrer for 30 minutes, agitated for a 
further 2 hours, and allowed to settle for 30 minutes before use. Samples were then cast as per 
the procedures outlined in Chapter 3.
4.3 Results and Discussion
4.3.1 Nanocomposite Structure
Nanocomposite PSAs were created by blending hard nanoparticles with a colloidal 
dispersion of soft acrylate copolymer particles (called PI hereafter). For comparison, a more 
liquid-like copolymer (P2), which was synthesised with a chain transfer agent added to the PI 
composition, was also employed. PI can be considered to be an optimised PSA, as its tensile 
storage modulus, E', is precisely at the maximum limit where high tack adhesion is expected, 
according to the Dahlquist criterion,^^ and its value of tan S/E ' is relatively high (Table 4.1). 
(Note that for an incompressible substance (taking Poisson’s ratio v=0.5, E' is related to G' by 
a factor of three.) In comparison to PI, P2 has a lower storage modulus but a higher loss 
tangent. Thus, without the addition of hard nanoparticles, the properties of the P2 polymer are 
not in the right range to yield high adhesion energies.
First considered is the particle packing in dry films as the volume fraction of the hard 
nanoparticles is increased. Without the addition of NPs, an ordered hexagonal array of 
particles with residual particle/particle boundaries can be observed at the air interface (top) o f 
dry films using AFM (Figure 4.3a). (For clarity, only phase images are discussed as they 
provide greater image contrast between the hard and soft particles compared to the height 
images. The corresponding height images are shown in Figure 4.4). Hard NPs introduced at a 
small fi*action (7.0 vol. %) in the adhesive pack form an ordered monolayer around the larger 
PSA particles at the fihn surface (Figure 4.3a.ii).
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Table 4.1. Physical characteristics o f colloidal particles
PI P2 NP
Poly(butyl acrylate) Poly(butyl acrylate) Poly(methyl methacrylate-
Latex Description copolymer copolymer co-methacrylic acid)
with CTA copolymer
CTA Content (mol %) 0 0.05 0
DLS Hydrodynamic Diameter 270 225 52
DLS Polydispersity 0.03 0.09
Solids Content (wt. %) 48 ± 1 52 ± 1 38 ± 1
Gel Fraction (%) 72 ± 6 67 ± 3
Af„(g/moI) 53,000 50,600
(g/mol) 304,200 164,600
M JM ^ 5.7 3.2
rgC C )'" -3 3 -3 4 130
(MPa) 0.33 ± 0.02 0.24 ± 0.02 2944
J?” (MPa) 0.05 ± 0.02 0.11 ±0.02
Tan 0!E^ (MPa’b 0.45 1.97
[a] obtained by DSC at 10 °C per minute [b] by DMA at IHz, T = 22 °C
As the volume fraction of NPs increases, a “honeycomb” network of nanoparticles 
around the larger particles becomes more evident. NPs surround the PSA particles in a bilayer 
(11.6 vol. %, Figure 4.3a.iii) and then multi-layers at greater concentrations (16.4 vol. %, 
Figure 4.3a.iv).
The area fraction of NPs at the air interface increases by a much greater extent than the 
overall volume fraction of NPs in the blend. This relationship is illustrated in Figure 4.2. If 
the surface structure is representative of the bulk composition, then a 1:1 ratio between the 
NP’s area fraction at the air interface and the NP’s volume fraction in the blend is expected. 
Instead, there is a ratio of approximately 4:1 between these two quantities, suggesting 
anisotropy within the film, with a greater accumulation of NPs at the air interface.
The NP arrangement at the air interface can be compared to what is found in the bulk of 
the film, as represented by the AFM images o f the film cross-sections, captured at the centre 
of the film (Figure 4.3b). These images reveal a less regular arrangement of NPs. At low 
volume fractions, no honeycomb arrangement is observed. The number of NPs is depleted 
compared to what is expected for a 1:1 correlation between the area fraction of particles in the 
cross-sectional image and the volume fraction in the blend (Figure 4.2). As the number of 
NPs in a blend must be conserved, a depletion in their composition in the bulk of the film 
(Figure 4.3b) is consistent with their accumulation near the original air interface (Figure 
4.3a). The nanostructure of softer P2 nanocomposites shows a similar trend with increasing 
NP concentration (Figure 4.5).
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When large and small colloidal particle blends are east into films, stratification of the 
particles in the vertical direction can occur as a result of diffusional e f f e c t s / T h e  
diffusion coefficient determines the time it takes for particles to re-distribute when they are 
accumulated at the top surface as a result of the evaporative loss of water. However, the 
slower-diffusing large particles are predicted in this model to accumulate at the top surface. 
The accumulation of NPs at the top surface of the colloidal blends is not expected from 
diffusional effects but is reminiscent of what was reported elsewhere by Luo et al}^^, who 
described stratification of silica nanoparticles at the air interface, which they attributed to 
capillary-driven flow during film drying. They note that initially, large particles form at the 
surface interface, and the gaps between them create pores thiough which nanopartieles, if 
small enough, are drawn through the consolidated latex layer to the surface. In these 
experiments, the stratification could also be attributed to differences in the effective density 
of the two p h a s e s . W i t h  an electric double layer, the effective density of the NPs will be 
lower than the density of the latex particles.
The idea of a stratified soft adhesive has been explored by Carelli et al?^ who created 
adhesive bi-layers by placing one adhesive film on top of another. They found that a 
viscoelastic backing under an elastic surface layer was beneficial when adhering to a high 
energy surface {i.e. steel), but detrimental for a low energy surface {i.e. polyethylene). As is 
shown later, the anisotropic stmeture of the nanocomposite PSAs is advantageous in 
achieving the switehing of adhesive properties.
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Figure 4.2. Relationship between the concentration of NPs in nanocomposite films and the area coverage at the 
top (air interface) and cross-section o f the same films. For comparison, the solid line represents a 1:1 ratio, and 
the dashed line represents a 4:1 ratio.
60
4. Optimising and Switching off Tack Adhesion Using a Nanocomposite PSA via Sintering
Surface
Cross-
Section
(approx. 
c e n tre  of 
film)
Figure 4.3. Evolution o f the nanostructure of nanocomposite PSAs (using PI polymer) as shown in AFM phase 
images o f the (a, top row) air interface and (b, bottom row) cross-sections o f films with varying NP 
concentration: (i) 0 vol. % NPs; (ii) 7.0 vol. % NPs; (iii) 11.6 vol. % NPs; (iv) 16.4 vol. % NPs. The larger PSA 
particles dissipate more energy during the intermittent contact o f the AFM tip, and hence they appear darker in 
the images. The hard nanopartieles appear brighter. All images are 1.5 pm x 1.5 pm.
Figure 4.4. (a) Surface and (b) cross-sectional AFM height images of PI before sintering with (i) 0 vol. % NPs,
(ii) 7.0 vol. % NPs, (iii) 11.6 vol. % NPs, (iv) 16.4 vol. % NPs. The softer PSA phase appears darker, and the
hard nanopartieles appear brighter in the images. All images are 1.5 pm x 1.5 pm.
61
4. Optimising and Switching off Tack Adhesion Using a Nanocomposite PSA via Sintering
Figure 4,5. (a) Surface and (b) cross-sectional AFM phase images o f P2 before sintering with (i) 0 vol. % NPs, 
(ii) 9.3 vol. % NPs, (iii) 14.0 vol. % NPs, (iv) 18.7 vol. % NPs. The softer PSA phase appears darker, and the 
hard nanopartieles appear brighter in the images. All images are 1.5 pm x 1.5 pm
J
Figure 4.6. (a) Surface and (b) cross-sectional AFM height images o f P2 before sintering with (i) 0 vol. % NPs,
(ii) 9.3 vol. % NPs, (iii) 14.0 vol. % NPs, (iv) 18.7 vol. % NPs. The softer PSA phase appears darker, and the
hard nanopartieles appear brighter in the images. All images are 1.5 pm x 1.5 pm.
62
4. Optimising and Switching off Tack Adhesion Using a Nanocomposite PSA via Sintering
4.3.2 Nanocomposite Adhesive Properties and Optimisation
The adhesive properties of the anisotropic films were determined through probe-tack 
analysis. The probe-tack method is a fundamental way to determine debonding mechanisms 
and adhesive properties/^ and its results correlate well with the bulk factors that influence 
adhesion.^^ A probe is placed in contact with a PSA surface and removed at a constant 
velocity, so that the imposed stress (cr) can be recorded as a function of the strain in the 
direction normal to the film (e). In the case of a good PSA, cavities formed during debonding 
do not propagate as cracks but instead create thin walls that develop into extending fibrils. 
Ideally, upon maximum extension when strain hardening is observed, the fibrils will detach 
from the probe. If the material does not have sufficient strength and does not strain harden, 
cohesive failure is observed, whereby the fibrils thin and break to leave a residue on the 
probe. Fibrillation is the main contributing factor to the tack adhesion energy, and it is 
observed as a long stress plateau (jjpiai) in the probe tack curve. The tack adhesion energy, 
Eadh (or work of adhesion) for a film of thickness lo is calculated by E^dh = a{E)dE
(Eq. 2.3, detailed in section 2.2.1). Hence, it follows that a longer, higher plateau leads to a
greater
Figure 4.7 compares the probe-tack curves obtained for the nanocomposites as the NP 
concentration is increased m each of the two PSA compositions. The softer P2 material has a 
considerably lower fibrillation plateau compared to PI, which can be correlated with its lower 
elastic mo d u l us . Th e  clean detachment of PI is also noted (seen in the curve as a sharp end 
to the plateau), indicating adhesive debonding. By comparison, P2 exhibits a gradual decay in 
the fibrillation plateau, indicating its cohesive failure. At lower concentrations, the NPs act as 
mobile fillers. For both types of nanocomposite PSA, there is a rise in Gpiat with increasing NP 
content, which indicates that the NP filler causes a hardening o f the composite. This result is 
consistent with the findings reported by Degrandi-Contraires et al}^^
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Figure 4.7. Representative probe tack curves show the effect o f the addition o f varying concentrations of hard 
nanopartieles to (a) PI and (b) P2 PSAs.
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The variation in the tack adhesion energy with increasing NP concentrations in each of 
the two PSAs is shown in Figure 4.8a. For PI, which is an already-optimised PSA, the tack 
adhesion energy is reduced to approximately 65% of its original value by the addition of NPs. 
Nevertheless, there is a local maximum in Eadh at around 10 vol. % NPs. The addition of 
nanopartieles decreases the length of the plateau (see Figure 4.7a), which means that the 
fibrils are not being drawn as far, and hence Eadh decreases initially with nanoparticle 
addition. However, with the addition of nanopartieles, the composite hardens and the plateau 
stress increases, which results in a rise in Eadh-
For the non-optimised P2, the addition of NPs raises Eadh to a maximum (which is 
230% that of the original value) at an optimum concentration of around 14 vol. % NPs. The 
maximum stress and stress plateau are raised without a significant loss of fibril extension. 
With 18. 7 vol. % NPs, the probe-tack profile shows no fibrillation and debonding similar to a 
hard coating (see Figure 4.7b). With too many hard nanopartieles, the adhesive properties are 
lost.
To interpret further the effects of the added NPs on adhesion, the bulk mechanical 
properties of the nanocomposites are now considered. There is a sharp rise in the storage 
modulus, E \  above NP concentrations of about 10 vol. % in both the PI and P2 
nanocomposites (Figure 4.8b). The Dahlquist criterion stipulates that E' must be below 
0.3 MPa at 1 Hz for high tack adhesion. Hence the reduction in Eadh at higher NP 
concentrations can be e x p l a i n e d . ( I n  the case of the optimal nanocomposite for tack 
adhesion, E' is also above the Dahlquist criterion. This can be understood when the yield 
point of the nanocomposite is considered. The yield point remains relatively low; thus crack 
blunting and fibrillation are possible. See section 5.3.3 for further discussion.)
The tan 5! E' ratio for the P2 nanocomposite is consistently higher than for the PI 
nanocomposite (Figure 4.8c). Its greater viscoelasticity contributes to a longer fibrillation 
plateau at higher NP concentrations.
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Figure 4.8. Effects o f NP content on the bulk mechanical properties o f soft nanocomposites made with the PI 
and P2 soft polymers. Shown as a function o f NP concentration for PI and P2; (a) change in tack adhesion 
energy relative to the original PSA; (b) storage modulus, £ ’ at a frequency o f 1 Hz (log scale) and at 22 °C, and 
(c) tan ÔIE’ at 1 Hz and 22 °C (log scale).
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4.3.3 Sintering to Achieve a Switch-off of Adhesion
It is known that when colloidal polymer particles are heated above their Tg, they, 
undergo coalescence via sintering.^^ The characteristic time required for sintering is 
proportional to the viscosity and hence inversely related to temperature. The extent of 
nanoparticle sintering was investigated with AFM analysis.
After heating the nanocomposites to 140 °C for 30 minutes in a convection oven (with 
airflow), the coalescence o f the soft PI particles is observed (see AFM phase image in Figure 
4.9a.i, corresponding height image Figure 4.10a.i) and the boundaries between the particles 
disappear. At a NP concentration of 7.0 vol. % (Figure 4.9a.ii), the NPs coalesce into “chain­
like” structures across the film surface, but do not appear to be in a continuous percolating 
structure. At a concentration of 11.6 vol. % (Figure 4.9a.iii), the sintered nanopartieles are 
arranged in a percolating “honeycomb” structure. At higher NP concentrations, as well as 
sintering and coalescence of the NPs, there is evidence for surface rearrangement (Figure 
4.9a.iv), as the NPs cover the PSA particles almost completely.
The bulk of the films, as represented in film cross-sectional images (Figure 4.9b), are 
harder to interpret, due to the difficulty of scanning at the cross section. However, it is clear 
that some degree of particle sintering has occurred with 16.4 vol. % NPs (Figure 4.9b.iv), 
and there is some restructuring of the NP layer. Below this concentration, coalescence o f NPs 
is not clear, but is most likely due to the low concentration o f NPs.
After the sintering process, the nanocomposites with a high NP concentration are no 
longer tacky. Small plastic pellets bounce off the sintered nanocomposite surface, whereas 
prior to sintering the same pellets adhere strongly. Probe-tack analysis confirms this 
qualitative observation that adhesion is switched off by sintering.
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(iv) k
Figure 4.9. Evolution o f the nanostructure o f nanocomposite PSAs (using PI polymer) obtained after sintering, 
as shown in AFM phase images o f the (a, top row) air interface and (b, bottom row) cross-sections o f films with 
varying NP concentration: (i) 0 vol. % NPs; (ii) 7.0 vol. % NPs; (iii) 11.6 vol. % NPs; (iv) 16.4 vol. % NPs. The 
softer PSA phase appears darker, and the hard nanopartieles appear brighter in the images. All image areas are 
1.5 pm X 1.5 pm.
Figure 4.10. (a) Surface and (b) cross-sectional AFM height images of PI after sintering with (i) 0 vol. % NPs,
(ii) 7.0 vol. % NPs, (iii) 11.6 vol. % NPs, (iv) 16.4 vol. % NPs. The softer PSA phase appears darker, and the
hard nanopartieles appear brighter in the images. All images are 1.5 pm x 1.5 pm
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At NP concentrations below 10 vol. %, probe-taek eurves reveal that the NPs have not formed 
a suffieiently continuous chain to influence the taek properties. Instead, the NPs eontinue to 
aet as a filler phase that has little effeet on the adhesive properties after sintering (see Figure 
4.12b). In intermediate ranges of NPs, where a eontinuous NP network is observed at the fihn 
surface, the fibrillation plateau length is redueed signifieantly after the NPs are sintered. At 
higher NP concentrations, there is no plateau whatsoever after sintering, thus reducing the 
taek adhesion energy to minimal values. The adhesion is switehed off. The ehanges in the 
taek energy - attributed to the sintering proeess - are presented in Figure 4.15, where the 
pereentage drops in adhesion after sintering are given. (The drop is defined relative to the 
initial value as [E^ âhiinitiai) - Eadhisintered)! / EadHinitiai))- It is first important to note that both the 
plain PI and P2 show a softening after heating (see Figure 4.12a for PI and Figure 4.14a for 
P2). The loss in adhesion eannot be attributed to a hardening of the adhesive matrix.
Furthermore, there is no evidenee for a signifieant change in composition as a result of 
heating. Thermogravimetrie analysis indicates that there is a mass loss of less than 0.5 wt. % 
in both the pure PI and nanoeomposite samples when heating to 140 °C in air (see Figure 
4.16). This small mass is attributed to residual water from the film formation process.
There are notable differenees in the probe taek results between the switehing o f the 
softer P2 nanoeomposites and the PI nanoeomposites. In P2, there is still a long fibrillation 
plateau and eohesive failure with 14.0 vol. % NPs before sintering. After sintering this 
nanoeomposite, the adhesion energy drops by 92%; adhesion is lost almost entirely. On the 
other hand, PI is closer to its optimum properties initially, such that the nanocomposite’s 
adhesive performanee is poorer with 11.6 vol. % added NPs. Although the higher modulus 
raises (Tpiat, the material is less viscoelastie and the plateau region is shortened. After sintering, 
there is evidenee for only a limited extension of fibrils, and E^ dh is signifieantly lower. These 
differences in the adhesion switeh for PI and P2 nanoeomposites are apparent in Figure 4.11 
for PI, and Figure 4.13 for P2. The softer P2 PSA ean aceommodate a greater amount of NPs 
without losing its adhesive properties and, in turn, the switeh-off of adhesion is stronger upon 
sintering.
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Figure 4.11. Representative probe tack curves illustrate the effect o f the sintering on the optimal NP blend o f PI 
with 11.6 vol. % NPs, before [blue] and after [red] sintering, compared to the original PSA, PI [gi’ey].
(a)
2
— Original 
— A fter Sin tering
8
1.6
14
M 0.8
0.6
0.4
02
00 2 10 124 6 8
(b)
2
— O riginal 
— A fter S in tering
1,4
I
I
06
0.4
0.2
00 10 122 4 6 8
(c)
2
— O riginal 
— A fter Sin tering
1.8
1.6
w 0.8
0.6
0.4
0,2
00 2 6 8 10 12
(d)
« os
OS
-O rig in a l 
- A f te r  S in tering
Figure 4.12. Representative probe-tack curves showing the effect o f sintering on PI adhesives with (a) 0 vol.%, 
(b) 7.0 vol. %, (c) 11.6 vol.% and (d) 16.0 vol.% NPs. The original result (blue line) is compared to the result 
after sintering (red line). (Both X and Y scales are the same for all images.)
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Figure 4.13. Representative probe tack curves illustrate the effect o f sintering on the optimal NP blend of P2 
PSA with 14.0 vol. % NPs, before [blue] and after [red] sintering, compared to the original PSA, P2 [grey].
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Figure 4.14. Representative probe-tack curves showing the effect o f sintering on P2 adhesives with (a) 0 vol.%, 
(b) 7.0  vol. %, (c) 16.0 vol.% and (d) 18.7 v o l.%  NPs. The original result (blue line) is compared to the result 
after sintering (red line). (Both X and Y scales are the same for all images.)
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Figure 4.15. The percentage drop in taek adhesion energy after sintering as a function of nanopartiele content for 
PI (filled circles) and P2 (unfilled circles).
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Figure 4.16. TGA thermogram showing percentage weight loss o f pure PI and PI with 14.0 vol. % NPs between 
25-150 °C in air, at a heating rate o f 10 °C per minute.
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For practical applications, peel and loop tack tests are used to evaluate adhesives. 
Probe-tack energy usually eorrelates with the average peel foree and the maximum loop tack 
force. In the peel test (Table 4.2), an optimum peel force of 7.9 N/ 25 mm is found at 
14.0 vol. % for the PI nanoeomposites, and it falls to around 0.8 N/ 25 mm after sintering, 
representing a 90 % drop in peel adhesion. In the loop tack test (Table 4.3), the optimum is 
loop taek adhesion is observed at 11.6 vol. % NPs, but the loop tack force falls to about a 
sixth of its initial value after sintering. However, the loop tack force falls to zero after 
sintering with 14.0 vol. % NPs (with a drop in loop taek adhesion of almost 90 %).
These results correlate with the probe-tack findings, and demonstrate the sintering 
effect can be observed with different adhesive tests. The peel test presents a useful indicator 
of the material’s relevance to that o f a commercially viable adhesive peel-able label or similar 
device. A shortcoming of the application of this technique is that it only measured the effect 
o f sintering films before adhesion to the adherend. For this system, it is unlikely that peel 
adhesion foree will drop if  the adhesive is in contact with the adherend before sintering. 
There will still be an appreciable foree of separation between the two surfaces despite the 
hardening of the adhesive material.
Table 4.2. Peel test results for PI adhesives with varying concentrations o f NPs
NP content 
(Vol. %)
Peel Force
(avg.)
(N/25mm)
PI (Initial) 
Fmin
(N/25mm)
Fmax
(N/25mm)
Peel Force
(avg.)
(N/25mm)
PI (Sintered)
Fmin Fmax
(N/25mm) (N/25mm)
0 7.61 6.84 8.2 10.385 9.435 11.315
11.6 7\08 6.12 7.75 4.32 3.605 6.45
14.0 lk88 7.05 8.64 0.825 0.525 1.45
18.7 1.47 0.10 3.71 0.055 0.04 0.065
Table 4.3. Loop tack results for PI adhesives with varying concentrations o f NPs
NP content 
(Vol. %)
PI (Initial) 
Loop Tack 
Force (max.) 
(N/25mm)
PI (Sintered) 
Loop Tack 
Force (max.) 
(N/25mm)
0 12.65 11.85
11.6 11.80 2.33
14.0 5.33 0.67
18.7 0.60 0.10
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Figure 4.17 shows how the tensile storage modulus of the PI polymer differs after 
sintering as a function of increasing NP concentration. Up to approximately 18 vol. %, there 
is very little difference observed in the modulus before and after sintering. The measurements 
of the bulk properties after sintering are not sensitive to the composition of surface layers, and 
hence there is very little difference in the moduli before and after sintering at low 
concentrations (when the NPs in the bulk of the film are below the percolation thieshold at 
which they would create a continuous chain). A continuous rigid skeleton in the 
nanoeomposite cannot be made in the bulk, as seen in the AFM cross-section images 
(Figures 4.9b and 4.10b). Above 18 vol. % NPs, there is a signifieant increase in the storage 
modulus after sintering. This is a strong indication that percolating NPs fused together to 
create a rigid skeleton. This observation prompted consideration in greater detail of how the 
nanopartieles are organised in the films, and motivated the constmction of a simple geometric 
model, described in the next section.
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Figure 4.17. Storage modulus, E \  at 1 Hz for PI nanoeomposites as a function o f nanopartiele content, both 
before and after sintering (log scale).
4.3.4 Estimation of Particle Packing and Percolation Depth
Given the high volume fraction of NPs near the film surface and the lack of NPs in the 
bulk material, it is postulated that nanopartieles migrate to the surface under capillary flow 
during the drying stage, as has been proposed elsewhere. The thickness of a surface layer 
containing nanopartieles depends on how those nanopartieles are arranged around the larger
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soft particles. For example, the nanopartieles could form either a chain snaking around the 
soft particles, a monolayer, a bilayer or a multi-layered structure, depending on the ratio of 
particle sizes and numbers.
Ottewill et al}^^ employed a simple method for calculating the volume of the 
encapsulating particular phase in the heterocoagulation of satellite particles around a single 
core particle. Here, using a similar approach, the number of satellite NPs able to surround a 
core PSA particle is estimated by assuming the centre of each NP lies upon an outer sphere of 
the combined radius of core and NP + r^p, as shown in Figure 4.18). The number of NPs, 
77, able to fit on the surface area of this outer sphere is caleulated by dividing its surface area 
by the cross-sectional area of the NP, giving:
' i f  i n  +  r „ p ) '
NP [4.1]
where f  is the fraetion of the area covered by the circular cross-section of spherical 
particles, which is tc/(2V3) for hexagonal close packing, assumed in this case. (Derivation of 
this equation is shown in Appendix 4.5.)
Figure 4,18, Diagrams showing cross-sectional views o f satellite NPs (radius o f r^p) surrounding a core 
particle (7 )^. (See Appendix, section 4.5 for calculations)
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For the PI system (rc = 135 nm and = 26 nm), calculations show that « = 139 
corresponds to a single NP layer surrounding each core particle. However, if  each core 
particle had a layer surrounding it, then there would be a bilayer between the cores when they 
are close-packed in a film, hence w = 139 corresponds to a bilayer in this estimation. To 
achieve a monolayer between the close-packed core particles, then only one-half as many 
NPs, n = 70, would be required. For a particular NP concentration, the total number o f NPs in 
a unit volume of the nanoeomposite can be determined using this model.
When considering the fraction of NPs required to create a percolating network, it is possible 
to calculate, using various assumptions, a theoretical percolation threshold above which the 
small particles can be considered to be continuous. Kusy derived an equation to calculate the 
volume fraction, Fc, o f small dispersed particles required to form a continuous network 
around larger p a r t i c l e s . T o  achieve continuity, the smaller dispersed particles only need to 
cover a fraction of the surface of the larger particles. The Kusy equation states that
Vc =  100
- 1
[4.2]
where ^ is  a function of the packing arrangement o f the smaller particles (taken to be 
1.27 in this case, for a cubic lattice) and Xc is a function of the contact length occupied by the 
dispersed phase around the primary particle divided by the circumference of that particle, 
taken here to be 0.42 for a cubic lattice. Fc for this system, with rc/rj^p = 5.2, is estimated to 
be 19.7 vol. %, which equates to n = 40.
The various values of n, corresponding to different packing configurations, can be used 
to estimate the number of “units” (composed of a core and n NPs) that can be made in a film 
of arbitrary dimensions, given a particular NP volume fraction. Then, the volume of units can 
be found, and the thickness of the percolated layer {i.e. the film depth through which the 
nanopartieles completely surround the core particles for a given n) follows. Figure 4.19 
shows the estimated depth of a layer of percolating or packed NPs for n = 40, 70, 139, and 
209: the values of n required for the Kusy model, mono-, double- and multi-layers, 
respectively. The value of « = 209 chosen for multilayer corresponds to 3 NP layers between 
particles.
76
4. Optimising and Switching off Tack Adhesion Using a Nanocomposite PSA via Sintering
100
G L A S S
INTERFACE
CL
Kusy
Percolation
threshold
L__ Monolayer
Double-Layer
Multi-Layer
FILM
SURFACE 0 0.1 0.2 0.3 0.4
NR Concentration Fraction
0.5 0.6
Figure 4.19. Estimate of the surface layer depth in which the nanoparticles are accumulated. Calculation o f the 
percentage thickness of surface layer assumes different packing arrangements for the PSA-NP unit (Kusy 
percolation thieshold, n=40; monolayer, n=70; double layer, n=139; multilayer, n=209).
In the AFM surface images shown previously in Figure 4.3, it is apparent that more 
NPs pack around the larger soft particles as the NP concentration increases. At 7.0 vol. % 
NPs, a monolayer of NPs is observed (corresponding to approximately n = 70). When the 
concentration increases to 11.6 vol. % NPs, a particle bilayer is formed. Given this 
observation, it is estimated that in each case the percolating layer is around 30 -  40 % of the 
total thickness. This predicts that, beyond a depth of 40 % of the film thickness, the film 
contains few nanoparticles. The model is thus supported by the cross-sectional AFM images 
in Figure 4.3. As their overall concentration in the dispersion is increased, the NPs 
accumulate in the top 30 -  40 % of the film.
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4.3.5 Sintering Using IR Radiative Heating
To be industrially relevant, the time to switch off the adhesion of a PSA should be as 
fast as possible. Thus this work seeks to extend the proof-of-concept data obtained through 
convection oven heating. In this section, the benefits of using radiative heating by an infrared 
source over conventional convective heating are discussed.
It was postulated that the intense direct radiation from an IR emitter would heat up the 
nanocomposite PSA films more efficiently and to a higher temperature, thus achieving the 
same sintering effect in a much shorter time. In research reported elsewhere,^^^ IR radiative 
heating was demonstrated to induce the sintering of hard latex particles. An IR emitter at full 
power was placed at a distance o f 3 cm from the PI nanocomposite surface. (Fihns were 
heated using a 4 kW carbon mid-IR emitter (Heraeus Noblelight) -  further details available in 
section 5.3.1).The adhesives were radiated for various lengths of time. Figure 4.21a shows 
the effect of increasing the time under the IR lamp (from ten seconds to one minute) on the 
tack curves of the radiated nanocomposites. With increasing radiation times, the length of the 
plateau decreases, indicating a reduction in fibril extension after sintering, as is seen in 
Figure 4.11. An optimal switch-off o f adhesion, comparable to that achieved in the 
convection oven (over 90 % reduction in adhesion), is achieved after just 30 seconds of 
radiation. For this radiation time, there is little fibrillation plateau and there is no deformation 
of the nanocomposite when the probe is debonded. After 40 seconds there is no fibrillation 
whatsoever, but a higher maximum stress. In Figure 4.21b, note that there is a linear 
reduction in adhesion energy for IR sintering times between 10 and 25 seconds, whilst a low 
Eadh (with no fibrillation, and thus considered a switch-off) is achieved for sintering times of 
30 seconds or longer.
Monitoring the nanocomposite temperature during IR radiation reveals that 140 °C is 
reached in approximately six seconds. The nanocomposite thus requires only a few seconds 
above the Tg of the hard nanoparticles before coalescence occurs. About 30 seconds is 
required for this coalescence to become sufficient to switch off adhesion. The fact that the NP 
layer is situated at the top of the fihn may aid this process, since only the top part o f the film 
needs to be sufficiently irradiated to coalesce, thereby facilitating the switch-off.
As a control experiment, a film of plain PI was exposed to IR radiation under the same 
conditions. IR radiative heating for 30s has a negligible effect on the PI tack energy (Figure 
4.21b) but does influence the tack debonding curve, with the adhesive showing signs of
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softening, as opposed to the hardening seen in the nanocomposites (Figure 4.21c). After 50- 
60s of IR heating, there is a considerable change in the probe-tack debonding curve of PI. 
The maximum stress is not affected, but the fibrillation plateau initially falls to a lower stress 
before rising at larger strains. The stress before failure is o f a similar level to that of the 
original film. Significant strain hardening is displayed in both cases. The drop in fibrillation 
plateau at lower strains, as well as the greater elongation could be due to a relaxation of the 
entanglement network, despite the expected greater homogeneity of particles due to the 
increased time (and temperature) for particle coalescence.
When the nanocomposite is heated for longer than 40 seconds, there is an increase in 
the tack adhesion energy, with the tack curves showing a more liquid-like response (with a 
gently downward sloping plateau and cohesive failure). This result indicates softening o f the 
polymer occurs under prolonged radiation and shows that extended heating should be 
avoided. A likely explanation is that under IR irradiation, the very high temperatures (greater 
than 250 °C according to in situ measurements) significantly reduce the viscosity o f the soft 
polymer phase. The NP particles are then able to be submerged under the film surface, so as 
to reduce the surface energy. Without the hard particles at the surface, the adhesive displays a 
more liquid-like response. The surface restructuring (required to gain a majority o f the large, 
soft phase at the surface) takes time, and its effects are not seen when the IR heating is for 
shorter times {i.e. 30 seconds). (The details of the time and temperature necessary to achieve 
nanoparticle sintering are discussed further in Appendix 5.5.1.)
AFM analysis supports this explanation. Figure 4.21d shows that the number o f NPs on 
the surface of a PI nanocomposite after IR heating for 60s is significantly lower than what 
was seen after heating in an oven at 140 °C {cf. Figure 4.9a.iii). Image analysis reveals that 
the NP surface coverage drops fi-om over 40 area % initially to 13 ± 2 area % after IR heating, 
constituting a restructuring of the nanocomposite fihn in which the less dense large latex 
particles move to the film surface.
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Figure 4.20. [continued overleaf] (a) Representative probe tack cui'ves showing the effect of IR 
heating of PI nanocomposites (with 11.2 vol. % NPs) for times ranging between 10 and 60 seconds, 
(b) Tack adhesion energy as a function of sintering time for PI (filled circles) and PI 
nanocomposite (open circles), (c) Representative probe tack curves showing the effect o f IR heating 
for 30 and 60 seconds on pure PI PSA. (d) AFM phase image o f the air interface o f PI with 11.6 
vol. % NPs after 60 s o f IR heating. Image area is 1.5 pm x 1.5 pm.
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Figure 4.21. [continued] (a) Representative probe tack curves showing the effect o f IR heating of PI 
nanocomposites (with 11.2 vol. % NPs) for times ranging between 10 and 60 seconds, (b) Tack adhesion energy 
as a function of sintering time for PI (filled circles) and PI nanocomposite (open circles), (c) Representative 
probe tack curves showing the effect o f IR heating for 30 and 60 seconds on pure PI PSA. (d) AFM phase image 
of the air interface o fP l with 11.6 vol. % NPs after 60 s o f IR heating. Image area is 1.5 pm x 1.5 pm.
4.4 Conclusions
This study has demonstrated how hard polymer nanoparticles can be used to adjust the 
adhesion characteristics of a PSA composed of a soft copolymer latex. When the 
nanoparticles are added to a soft, liquid-like polymer (P2), the viscoelastic balance can be 
optimised, such that the tack adhesion energy increases to more than 200% of its initial value. 
When the optimised nanocomposites are heated, the nanoparticles sinter together to create a 
reinforcing structure, which switches off adhesion and reduces the tack energy by 90%.
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The hard nanoparticles are concentrated in the near-surface region, most likely because 
o f capillary-driven flow. Consequently, an NP fraction below the theoretical percolation 
threshold of the bulk material can be used. The anisotropy in properties (normal to the 
adhesive surface) is ideal for an adhesive that needs to remain adhered to one substrate whilst 
debonding from the other.
The loss of the tack adhesion energy after sintering is explained by an increase in the 
elastic modulus at the film surface. Compared to adhesive systems that rely on melting 
transitions or crosslinking reactions, the switchable nanocomposite described herein simply 
uses conventional colloidal particles, which is likely to be much more cost-effective.
In initial experiments, the nanocomposite adhesives were heated for 30 minutes in a 
convection oven at a temperature that is approximately 10 °C above the Tg of the 
nanoparticles, fri subsequent experiments, the fihns were sintered using IR radiation. The tack 
adhesion energy was significantly reduced after heating for times as short as 30 seconds, 
which is faster than previous reports for photo-initiated crosslinking switches. This switching 
mechanism does not require special polymer chain architecture or composition; it is 
applicable to any glassy polymers.
It is proposed that it should be possible to heat a pressure-sensitive adhesive in specified 
regions, perhaps through the use of an infrared laser or a shadow mask,^^^ such that the 
adhesion is switched off locally. Thus, lateral modulation of the IR radiation across a 
homogeneous nanocomposite adhesive could be used to produce tacky and non-tacky 
patterned regions on mm length scales. The idea that IR absorbers could be added to raise the 
temperatures and the rate of h e a t i n g , t o  achieve a faster switch is explored in detail in 
Chapter 5.
This study also provides a note of caution when exposing such adhesive polymer 
nanocomposites to elevated temperatures, since adhesive switch-off could well occur 
unintentionally. Nevertheless, the adhesion of the nanocomposite PSAs will not be lost at 
temperatures below the NP Tg where sintering will not occur. In summary, the nanocomposite 
adhesives offer advantages of (1) being relatively fast in switching to non-tack, (2) stability at 
room temperature and under standard lighting, (3) using standard thermoplastic polymers in a 
simple process, and (4) potentially being able to be patterned.
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4.5 Appendix
Simple Packing Model
The number n of small particles with radius Vs required to surround a large core particle 
with radius Vc can be calculating by modeling a sphere surrounding the original particle of 
radius (vc + r j  as seen in in Figure 4.18. The surface area of the surrounding sphere
■^ sutfsph is.
^ s u r f —s p h  47r(Th "b [4.3]
Using the cross-sectional area of the small particles at their circumference {2nr^, the 
cross sectional area A„p is the area of a circle with radius
— TlTg^ [4.4]
The number o f small particles n required to surround the large particle can be calculated 
by dividing the surface area of the {vc+r^ sphere by the cross-sectional area o f the 
nanoparticle (assuming that only a fraction of the surface area of the core particle is covered 
by nanoparticles, dictated by a packing fraction j):
n =  [4,;]
A n p
Finally giving
n  =  [4.6]
To create a monolayer, only half the number of (closely-packed) small particles are 
needed to surround the core:
rinwno =  [4-7]
By taking an arbitrary cube of nanocomposite film with a known NP fraction, the 
number of core and NP particles within that volume can be estimated. The number o f NPs is 
then divided by [n x number o f core particles] and hence the fraction of core particles able to 
be surrounded by n NPs is found. This fraction is then used to estimate the percentage depth 
of the percolating layer in a film of arbitrary thickness.
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Chapter 5
Large-Area Patterning of a PSA via IR Sintering
This chapter expands on the simple technique to switch off the tack adhesion in a 
colloidal nanocomposite PSA developed in Chapter 4. The concept of the patterned adhesive 
is introduced, whereby the switch-off o f adhesion is restricted to selected areas of the fihn. 
Here, a new type of hard nanoparticle is blended with the soft PSA latex. The optimisation of 
initial adhesion energy in this new blend is emphasised, as well as an optimal switch-off of 
adhesion using IR radiation. In regions that are exposed to IR radiation through a mask, the 
nanoparticles sinter together to form a percolating skeleton. This hardens and stiffens the 
adhesive. The tack adhesion is lost locally. Masks can be made from silicone-coated disks, 
such as coins. Under masked regions, adhesive island regions are defined with the 
surroundmg regions being a non-tacky coating. When optimising the nanocomposite’s 
adhesive properties, the addition of the hard nanoparticles raises the elastic modulus o f the 
adhesive significantly, but adhesion is not lost because the yield point remains relatively low. 
During probe-tack testing, the soft polymer phase yields and enables fibrillation. After 
heating under IR radiation, the storage modulus increases by a factor of five and the yield 
point increases nearly by a factor o f six, such that yielding and fibrillation do not occur in the 
probe-tack testing. Hence, the adhesion is lost. Loading and unloading experiments indicate 
that a rigid skeleton is created when the nanoparticles sinter together, and it fractures under 
moderate strams. This patterning method is relatively simple and fast to execute. It is widely 
applicable to other blends of thermoplastic hard nanoparticles and larger soft particles.
Part o f  this chapter has been published in Applied Materials & Interfaces as: Robert S. Gurney, Damien Dupin, Elodie Siband, Keltoum 
Ouzineb and Joseph L. Keddie; Large-Area Patterning o f  the Tackiness o f  a Nanocomposite Adhesive by Sintering o f  Nanoparticles under 
IR Radiation, 2013 (Just Accepted Manuscript, DOT: 10.1021/am303184k)
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5.1 Introduction
In this chapter, a new physical method for creating surface coatings with a high 
tackiness only in selected regions is introduced. The mechanism relies on the coalescence of 
hard nanoparticles under infrared radiation. Consequently, it is not restricted to specific 
polymer chemistries, does not require cross-linkers, and is not sensitive to inadvertent UV 
light exposure.
The new design concept uses a nanocomposite PSA, which was developed recently^ 
(used in Chapter 4), in which hard nanoparticles (having a glass transition temperature, Tg, 
well above room temperature) are blended with larger particles of a soft polymer, which has a 
very low Tg. A newly synthesised nanoparticle is used in this chapter, with a lower Tg than 
that previously tested. As in Chapter 4, the nanoparticles pack around the larger particles to 
create a percolating phase. When the nanoparticles are heated above their Tg, they coalesce to 
form a rigid structure that significantly stiffens the material and thereby switches off the tack 
a d h e s i o n . I n  this present work, nanocomposite PSAs are heated locally at targeted positions 
by infirared (IR) radiation shining through masks as a means to pattern the tack adhesion 
across large areas, at fast switching times facilitated by the lower Tg o f the nanoparticles.
The details and subtleties o f the patterning technique will be outlined in this chapter, as 
well as details o f the new nanocomposite blend and its properties. Sintering and patterning 
results will be presented and the effectiveness and resolution of the patterning technique will 
be shown.
5.2 Materials
5.2.1 PSA Latex Preparation
The latex was synthesised using a semi-continuous emulsion polymerisation process. De­
ionised water and seed particles (40 nm) were added to a reactor equipped with a double­
jacket heated at 83 °C. Separately, a pre-emulsion of monomer was prepared by adding de­
ionised water, surfactants, a buffer and the monomers. The mixture of monomers mixture 
contained M-butyl acrylate (w-BuA), acrylic acid, methyl methacrylate (MMA) and ethyl 
acrylate, with dodecyl mercaptan (0.05 mol. %) to act as a transfer agent to reduce the 
copolymer chain molecular weight. When the reactor temperature reached 83 °C, an aqueous
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solution of sodium persulfate and the pre-emulsion were added simultaneously over 4 hours. 
After complete addition of the pre-emulsion and the initiator solution, the reactor was cooled 
down. The latex dispersion was filtered to remove the coagulum.
5.2.2 Nanoparticle Preparation
The nanoparticles are based on a copolymer o f M-BuA, MMA and MAA prepared by 
emulsion polymerisation. The procedure outlined here is simplified in accordance with a 
confidentiality agreement with Cytec Surface Specialties. De-ionised water and the 
surfactants were added to a 2 L reactor equipped with a double-jacket heated to 80 °C. 
Separately, in a 2 L cylindrical reactor, a pre-emulsion was prepared by mixing de-ionised 
water and surfactants and adding the monomer mixture to the aqueous phase under high 
shear. When the reactor temperature reached 80 °C, sodium persulfate was added to the initial 
charge and the addition of the pre-emulsion was started. After three hours, the dispersion was 
cooled down and filtered.
Characteristics of the nanoparticles and PSA latex are presented in Table 5.1.
5.2.3 Polymer Blend Preparation
The nanoparticles were blended drop-wise with the base PSA latex at various 
concentrations. Blends were mixed using a magnetic stir bar for 30 minutes, agitated for a 
further 2 hours, and allowed to settle for 30 minutes before use. Samples were then cast as per 
the procedures outlined in Chapter 3.
Table 5.1. Characteristics o f the PSA latex and hard nanoparticles
Sample
Description
Hydrodyna­
mic
Diameter*
(nm)
Size
polydis-
persity*
Solids
Content
(wt. %)
Gel
Fraction 
(wt. %)
M„
(g/mol) (g/mol)
M„/M„ nr [b]
(°C)
Density
(g/cmh
PoIy(butyl
acrylate)-rich
copolymer
220 0.086 34 ± 1 18 g^WO 301,000 36.1 -34 1.087^
Methacrylic-
rich
Nanoparticle
72 0.075 27 ± 1 0 4,570 113,000 24.7 71 1.205 ± 
0.001
[a] Obtained by dynamic light scattering [b] Obtained by DSC at 10 °C per minute [c] Obtained by helium 
pycnometry [d] Value from literature
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5.3 Results and Discussion
5.3.1 IR Sintering & Patterning Technique
Films were heated using a 4 kW carbon mid-IR emitter (Heraeus Noblelight). At its 
maximum power, the emitter has a temperature o f 1200 °C, corresponding to a peak emission 
wavelength o f 2 pm. The emitter has a very fast response time such that it reaches its 
maximum temperature within 2 seconds. The lamp was placed 3 cm above the film. At this 
height, and with the maximum emitter power of 4 kW, the IR power density on the film was 
measured to be 1.7 ± 0.1 W cm'^. Measurements were made using an optical power meter 
(Anritsu, ML910B) with a sensor for the near-IR range between 0.75 pm and 1.8 pm 
(Anritsu, MA9711 A).
A 2 mm thick steel plate with a hole in the centre (See Schematic in Figure 5.9) was 
coated on the underside with a layer of silicone-coated paper. The mask was placed either in 
direct contact with the film, or positioned at a distance of 2 mm above it. Films were heated 
under the lamp for a period of 30 seconds before being removed and allowed to cool to room 
temperature (over a period of 2 hours) before use. Masks were also created by sandwiching 
together two British five-pence coins (nickel-plated steel discs, diameter 18 mm, thickness 
1.9 mm each) with silicone-coated paper cut to the same size, placed on the underside. A 
piece of silicone paper (with a 90 nm gold layer deposited on it by sputtering) was attached to 
its surface to reflect IR radiation and to minimise the heating of the circular mask.
5.3.2 Properties of Colloidal Nanocomposite Adhesives
The experiments used a poly(butyl aciylate)-rich copolymer latex dispersion having the 
characteristics listed in Table 5.1. The viscoelastic properties of the initial PBuA-based PSA 
are not optimum for achieving high tack adhesion: there is a low gel contect, and the elastic 
modulus is too low, and thus liquid-like properties are predicted, . Nanocomposites were 
created through the addition of poly(methyl methacrylate)-rich nanoparticles (NPs), with a Tg 
of 71 °C, thus ensuring they are in the glassy state (hard) at room temperature. This Tg was 
selected with the aim of achieving sintering at lower temperatures and at a faster rate in 
comparison to the previous chapter, in which the Tg o f the NPs was 130 °C. A high size ratio 
of soft PSA particles to hard NPs of 3:1 was selected to enable efficient packing of the NPs 
around the PSA particles.
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The hard NPs were blended with the adhesive copolymer over concentrations ranging 
from 12 to 20 vol. % as a means to adjust the viscoelasticity (Figure 5.1). A similar strategy 
of adjusting the viscoelastic and adhesive (tack and shear) properties through the inclusion of 
nanoparticles in a PSA was employed successfully by Bellamine et al.^^ They found that 
blending in hard nanoparticles increased the shear resistance {i.e. made the adhesive more 
creep resistant), moderately stiffened the material (increased modulus at low strain) and 
increased the dissipative properties at large strains by weakening the particle/particle 
interfaces.
Figure 5.1a shows that with the addition of the nanoparticles in this system, E' 
increased. The loss modulus (Figure 5.1b) also increased. In Figure 5.1c it is seen that the 
ratio of the loss tangent (tan S / E'), which usually correlates with the tack adhesion 
e n e r g y , f e l l  only slightly, as some of the viscous dissipation was lost. Above the 
optimal nanoparticle concentration, the nanocomposite was far too solid-like for a tacky PSA; 
E' rose far above the acceptable limit of 0.3 MPa (Dahlquist criterion)
The tack adhesion energy was determined for each composition using probe-tack 
analysis, in which a steel probe was removed from the adhesive surface at a constant velocity, 
whilst the force was measured. It was found that with too few NPs in a nanocomposite, 
the response was too liquid-like: the adhesive created fibrils during debonding, but they were 
drawn at a low stress value. The probe-tack curves in Figure 5.2a show the effect of the NPs 
addition, and the corresponding variation of the adhesion energy with nanoparticle 
concentrations is plotted in Figure 5.3. The probe-tack curves for the same blends after 
sintering are shown in Figure 5.2b.
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Figure 5.1. Values for the dynamic mechanical properties o f the nanocomposite PSA, with various nanoparticle 
contents, before and after heating in a convection oven at 140 °C for 30 minutes, (a) Storage modulus (log scale), 
(b) loss modulus (normal scale), and (c) tan <5/ E' (log scale), obtained by DMA at 1 Hz and at a temperature of 
22 °C.
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Figure 5.2. Representative probe-tack curves for nanocomposite adhesives with varying concentrations o f hard 
nanoparticles (vol. %) (a) before IR heating and (b) after IR heating for 30 seconds, [in (b), the curve for pure P2 
is truncated.!
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For the original adhesive in Figure 5.2a, the stress plateau, which is the region where 
fibrils are being drawn during debonding, has a value of approximately 0.2 MPa, which is 
lower than good-performing a d h e s i v e s . T h e  somewhat low tack energy can be 
explained by the elastic modulus being lower than 0.3 MPa, which is the optimum value for a 
PSA (as stipulated by the Dahlquist criterion,^^ see section 2.3.3). The sloping tail is 
indicative of a liquid-like debonding and cohesive failure, which leaves a residue on the probe 
or second surface, and which is an undesirable trait for a PSA. As seen in Figure 5.2a, hard 
nanoparticles act as a mobile filler, raising the bulk modulus of the nanocomposite without 
sacrificing the adhesive properties. In this instance, at the optimal level of nanoparticles of 
16 vol. %, the fibrillation plateau rises to 0.5 MPa, without a significant drop in overall 
plateau length, and has a marked sudden drop upon de-bonding, indicative of an adhesive 
failure with no residue.
In the original PSA, the fibrils could be strained to a relatively high value, but they 
failed cohesively, leaving residue on the probe. The addition of too many nanoparticles over­
hardened the nanocomposite, so that although the stress to draw fibrils during debonding was 
high, the fibrils were not drawn far. Consequently, the adhesion energy is low. The value of 
the adhesion energy rises from 356 J m'^ in the original material to 495 J m"  ^ in the optimum 
nanocomposite (with 16 vol. % NPs), which represents an increase of 40 % (see Table 5.2). 
This result mirrors that seen with the previous composition used in Chapter 4, showing this 
optimisation technique is not dependent on a specific NP composition.
Representative probe-tack curves for the original PSA and the optimum nanocomposite 
are compared in Figure 5.4. Cohesive failure is similarly observed in the nanocomposite. At 
lower debonding speeds (1 pm s"^ ), Bellamine et al.^^ also found a modest increase in the tack 
adhesion energy when hard nanoparticles were added to a soft matrix, but at higher 
debonding speeds (1 mm s"^ ) the effect was lost. In this system, the original PSA is not 
aheady optimised for PSA applications; as it is liquid-like, the effects of hard nanoparticles 
are more noticeable.
The nanocomposite adhesives were heated under IR radiation as a means to switch off 
the tack adhesion, via the mechanism reported in the previous chapter. Figure 5.2b shows 
the effect of sintering on the composites with a range of NP fractions. With 12 vol. % NPs, 
the stress plateau rises, but fibrillation is still observed and hence adhesion is not switched, 
suggesting there are not enough NPs to create a percolating network and sinter to fully
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rigidify the adhesive. At NP fractions above 16 vol. %, there is no fibrillation and there is a 
complete loss of tack adhesion after IR heating for 30 seconds. The probe-tack cui'ves in 
Figure 5.4 show that at a concentration of 16 vol. % NPs (optimum for high adhesion energy 
initially), adhesion is lost after sintering. The probe was removed hom the surface with no 
evidence of fibrillation, and the adhesive was not tacky to the touch. The adhesion energy fell 
from 493 J m'“ to 39 J m'^, which represents a decrease of 92%, which is the same as 
previously reported for a similar system (used in Chapter 4).^^  ^ The differential in the tack 
adhesion before and after IR heating was greatest at the optimum NP concentration of 16 vol. 
% (identified in the shadowed region of Figure 5.3), and hence it was selected for subsequent 
study.
As a control experiment, the original adhesive was also irradiated for 30 seconds. The 
stress-strain curve (Figure 5.4) shows that the material softens, and the plateau lengthens but 
is at a lower stress, resulting in a 20 % drop in in the adhesion energy. This softening of the 
adhesive phase is fully counter-acted in the nanocomposites by the hardening induced by the 
nanoparticle sintering.
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Figure 5.3. Average adhesion energy for nanocomposite adhesives with varying concentrations o f hard 
nanoparticles before (open squares) and after (tilled squares) IR heating for 30 s. The optimal nanoparticle 
content (16 vol. %) for the greatest differential in tack adhesion is identified in the shaded box.
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Figure 5.4. Representative probe-tack debonding curves using a steel probe at 0.1 mm s'^ showing tack curves 
for the optimised (16 vol. % NPs) nanocomposite (black) and the original (no NPs) adhesive (grey) before 
(solid) and after IR heating (dashed).
Table 5.2. Mechanical and adhesive properties o f the original and nanocomposite materials: Effect o f IR heating
Sample Description Young’s Storage
modul
(MPa) (MPa)
Loss
modulus® us’’, E ’ modulus’’, E ”
(MPa)
Tan J 3Tan^Æ’ ”” Adhesion 
energy,
(10’’ P a’) (J in')
Original PSA 0.13±0.04 0.23 ±0.03 0.11 ±0.03 0.47 6.0 356±36
Original PSA 0.1U0.04 0.22 ±0.03 0.34±0.03 1.58 22.0 290 ±31
after IR heating
Optimised 0.44±0.05 1.31 ±0.05 0.54 ±0.05 0.42 1.0 493 ±40
Nanocomposite PSA
Optimised 2.92±0.05 6.87 ±0.05 0.97±0.05 0.14 0.06 39 ±19
Nanocomposite PSA
after IR heating_______________________________________________________________________________
[a] Obtained from tensile strain measurements at I mm s‘‘ at a temperature o f 22 °C.
[b] Obtained by DMA at 1 Hz at a temperature o f 22 °C
93
5. Large-Area Patterning o f a PSA via IR Sintering
Nase et a lP  showed that the bulk failure of a viscoelastic adhesive (via fibrillation) is 
favoured at low values of G'd, where G’ is the dynamic shear modulus and d  is the fihn 
thickness, and at high values of ^ gtan ô, where Qq is the threshold fi*acture energy (which is a 
function of the interfacial energies, further explained in section 2.3.4), For a given interface, 
such that ^ 0  is constant, and for a given fihn thickness, bulk failure is therefore favored at 
higher ratios o f tan S/G \ whereas interfacial crack propagation is favoured at lower ratios. In 
the crack propagation region, fibrillation is inhibited, minimising adhesion energy. Hence, to 
switch off adhesion, the ratio of tan S/G" should be minimised. Deplace et a lP  
proposed that a fibrillar structure (leading to higher adhesion energy) will develop if 
tan 5IG  ^> 0.5 x 10"^  P a '\  when using a steel probe. Letting G’ = £ ”/3, Table 5.2 lists 
tan ôl{E'l?>) = 3tan 6/ E' as a means of comparing the tendency for fibrillation. This criterion 
requires the assumption that the materials are purely viscoelastic. (This assumption is re­
considered later in this chapter.) For the original PSA, this ratio has a value of 0.5 x 10"^  P a '\  
which situates it in the range where fibrillation will occur, as is observed experimentally. The 
ratio calculated for the heated nanocomposite is very low (6 x 10"^  Pa"^), which is consistent 
with the observed interfacial failure and absence of fibrillation. According to this argument, 
however, it is at first puzzling why fibrillation is observed in the original nanocomposite, 
despite 3tan SI E' measured to be only 0.1 x 10’^  Pa"\ which is below the threshold defined by 
Déplacé et al. This issue will be discussed again later in this chapter.
5.3.3 IR Heating of Nanocomposite Adhesives to Switch Off 
Adhesion
AFM analysis provides visual evidence for NP sintering. Images in Figure 5.6a show 
the NP packing around the large, soft PSA particles in fieshly-east fihns. Individual NPs are 
clearly resolved and retain their identity; with a Tg of 71 °C, they do not coalesce at room 
temperature. After heating the film under IR radiation for 30 s (and subsequently cooling to 
room temperature), NPs can no longer be resolved, indicating that particle sintering has 
occurred. The hard NP phase extends throughout the softer phase, thus creating a rigid 
skeleton. Analysis of the IR temperature profile and subsequent calculations o f the 
temperature dependence of polymer viscosity and sintering time reveal at the average 
temperature of the IR lamp (100 °C), nanoparticle sintering should occur on the order of ten 
seconds (see Appendix, section 5.5.1). This is in agreement with the experimental 
observations of particle sintering in 30 seconds (see Figure 5.6b).
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In the initial nanocomposite, the surface coverage of NPs is approximately 46 % by 
area for samples with just 16 vol. % NPs. This high surface coverage is indicative of a surface 
segregation of nanoparticles during the drying phase, which has been attributed by Luo et al. 
to capillary-driven flow.^^^ Calculations show that in order for nanoparticles to create a 
percolating layer around the larger particles (as was modelled by Kusy'^^), a concentration of 
approximately 30 vol. % is required. This amount rises to 50 vol. % in order to achieve 
monolayer coverage of all larger PSA particles (see Figure 5.5). (This follows the method 
outlined in the previous chapter (4.3.4), with calculations adjusted for the larger 70 nm 
nanoparticles used here.) With only 16 vol. % NPs in the blend, it is not possible to have a 
percolating NP phase throughout the whole depth, but importantly the sintered NPs can 
nevertheless create a skeletal structure in the upper region of the adhesive.
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Figure 5.5. Estimate o f the surface layer depth in which the nanoparticles are accumulated. Calculation o f the 
percentage thickness o f the nanopaiticle surface layer was based on the previous fonnula (see 4.3.4)'^^ and 
assumes different packing arrangements for the nanoparticles around the larger PSA particles. The legend 
identifies the number o f nanoparticles per PSA particle required for the specified type of particle packing. The 
vertical grey line indicates the optimum nanoparticle concentration o f 16 vol. %. The nanoparticle content 
fraction at 100 % percolation depth indicates the volume of nanoparticles required to create a percolating 
network for the given packing model.
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An increase in surface coverage of nanopartieles to 85 area % after IR heating is noted 
(see Figure 5.6b), suggesting particle rearrangement during the sintering process, whieh is 
presumed to be driven by surface energy minimisation. It is known that surfactants and 
other hydrophilie species are loeated at the surface of latex particles to ensure eolloidal 
stability, and so the surfaces responsible for the phase restructuring are not only eomposed of 
the eopolymers.
Figure 5.6. AFM Images (2 gm x 2 gm) o f the surface structure of the optimal nanocomposite films with 
16 vol. % NPs, obtained by AFM (a) before and (b) after IR heating for 30 s. Height images are on the left side, 
and phase images are on the right. Nanoparticles appear bright in the phase images, and the adhesive particles 
dissipate more energy during scanning and appear dark.
Tack adhesion is particularly sensitive to the mechanical properties at and near the PSA 
s u r f a c e , a l o n g  with the bulk material p r o p e r t i e s , a s  it is crucial that the material is 
soft enough to flow to make close physical contact with the adherend. Because of the 
emichment of hard nanoparticles at the nanocomposite surface, a significant change in tack
96
5. Large-Area Patterning of a PSA via IR Sintering
properties is seen at a considerably lower volume fraction of nanoparticles than is predicted 
by percolation theory (as was explained in the previous c h a p t e r ) . A n a l y s i s  of the 
nonlinear viscoelasticity of the bulk material was performed in order to explain the switching 
mechanism.
In addition to these observed changes in surface nanostructure under IR heating, there 
were pronounced and important changes in the mechanical properties upon heating bulk 
materials. These effects are apparent in large-strain tensile tests (Figure 5.7). The original 
nanocomposite has a pseudo-yield stress (as defined in chapter 2, section 2.3.1) , ay, o f 0.1 
MPa and a Young’s modulus (calculated up to a strain of £ = O.I) of 0.4 MPa. After heating, 
the nanocomposite has a seven-times higher Young’s modulus of 2.9 MPa.
In contrast, the original PSA (with no NPs) has a lower Young’s modulus of 0.13 MPa, 
which drops only slightly to 0.11 MPa after heating. This is consistent with the slight 
softening seen in probe-tack results. The post-heated nanocomposite yields at a stress of 0.57 
MPa at a strain of approximately £ = 0.5, and it fractures when the strain is increased to 
higher values, indicating its relative brittleness, compared to the long (s = 15) extension 
before heating.
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Figure 5.7. Large-strain deformation for the original nanocomposites, before and after heating in a convection 
oven at 140 °C for 30 minutes. Samples were strained at 1 mm s'* until fracture.
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The strong increase in the yield stress of the nanocomposite after heating offers insight 
into the switching mechanism. The original nanocomposite has a storage modulus of 
£■' = 1.31 MPa (see Table 5.2), which is far above the limit set by the Dahlquist criterion.
Yet, acceptable tack adhesion is found, which can be explained by the effect of the 
combination of hard, mobile nanoparticles in a soft liquid-like matrix. Although the modulus 
is raised, the yield stress remains low, and fibrillation can occur through yielding o f the 
nanocomposite. In purely elastic materials, cavitation occurs at stress levels above the elastic 
modulus. However, in viscoelastic-plastic materials, cavitation and fibrillation develops at 
stresses above (Ty, as in the case o f this nanocomposite.
Approximating Qq as 0.1 J m'^ for the steel probe (after Nase et a lP )  and using 
& = 10^ m, it is found that the nanocomposite has the parameters for interfacial failure both 
before and after heating. However, the equations of Nase et and the criteria of Deplace et
al}^ apply for the failure of an elastic material. As the nanocomposites are visco-plastic, as is 
apparent in their yielding (Figure 5.7), it is proposed to substitute the yield stress, oy, for E' in 
the criteria for fibrillation. It is then found for the original nanocomposite that 
3tan S/cTy = 1.3 x 10’^  P a '\ which is in the range where fibrillation is expected to be observed. 
On the other hand, after heating the nanocomposite, 3tan S/cFy = 7.6 x 10'^ P a '\  which is very
low. This is consistent with the observation of interfacial crack propagation. 12,13
In tensile cycling tests (up to strams of £ = 0.2), the nanocomposite, both before and 
after heating, shows significant hysteresis (Figure 5.8a); the unloading curves are at a lower 
stress than the loading curves, meaning that there is energy dissipated during the cycle. The 
nanocomposite does not recover its original dimensions after unloading, because of plastic 
deformation. Compared to the first cycle, 15% less energy is dissipated when straining the 
nanocomposite in the second cycle (Figure 5.8b), and around 20 % less (than the first) 
thereafter. The post-heated nanocomposite exhibits a sharp fall (40 %) in the deformation 
energy after the first cycle, but only a slight drop from the second to third, and little change 
thereafter. This result can be explained by the existence o f a brittle skeletal structure, which is 
fractured under the tensile strain. In contrast, in the original nanocomposite, there is a weaker 
decrease in the energy dissipation in the second and subsequent cycles in comparison to the 
first cycle. Although the nanoparticles in the original nanocomposite are percolating, they do 
not create a rigid structure. There is reversible deformation with some viscoelastic 
dissipation, but with little permanent damage to the structure, in strains up to £ = 0.2.
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Figure 5.8. (a) Large-strain deformation for the original nanocomposites, and those after heating in a convection 
oven at 140 °C for 30 minutes. Samples were strained at 1 mm s'' to e = 0.2 before returning to e = 0 at 
0.1 mm s'', (b) Percentage of deformation energy, compared to the initial, after each successive tensile cycle, for 
the original nanocomposite and after heating in an oven.
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Additionally, the linear viscoelasticity of the nanocomposite (that makes it suitable for 
an adhesive) is transformed by this NP sintering process to properties typical of a hard 
coating. E' for the nanocomposite increases five-fold to 6.87 MPa (Table 5.2) after heating, 
which is far too high for PSA applications. Similar effects on bulk properties were observed 
at other NP concentrations after heating (Figure 5.1).
5.3.4 Large-Area Patterning of Adhesives
m m
MASK
Hard
Coating AdhesiveAdhesive Film
Figure 5.9. Illustration o f the patterning procedure in which a mask is above the film surface under IR radiation.
The capability of switching off tack adhesion using IR radiation was exploited in the 
development of a patterning process. A metallic IR-opaque mask was held above the film 
surface (at a height h, as shown in Figure 5.9) to block the radiation in specific regions, 
thereby preventing heating locally, and avoiding the creation of a skeletal nanostructure there. 
When the mask was placed in direct contact with the adhesive {h = 0), there was a negligible 
change in the probe-tack curves in the masked regions, regardless of the position (Figure 
5.10a). (Silicone-coated paper was fixed to the underside of the mask in order to prevent it 
from sticking permanently. If the metallic mask was pressed directly onto the adhesive, there 
was damage to the surface when lifting it off.) In the unmasked region, a hard coating was 
formed, and the adhesion energy dropped to 39 J m'~. Figure 5.11 shows that in regions under 
a contacting mask at distances of 2, 5, and 10 mm from the mask edge, the adhesion energy is 
around 470 J m'“, i.e. 95 % of the initial value prior to heating. The small drop in adhesion 
energy can be attributed to the silicone layer perturbing the adhesive surface (and perhaps 
some transfer of heat by the mask). Note that these experiments are only able to test to a 
resolution of 2 mm, as this is the approximate contact width of the probe. This experiment 
provides a proof-of-principle for a method to create patterns of soft adhesive and hard coating 
regions across a large area.
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Figure 5.10. Representative probe-tack curves showing the original tack adhesion before IR heating (black solid 
line) and its loss after heating (black dashed line). Curves obtained after IR heating under the masked region 
(grey) and near the mask border (grey dashed line) are shown for comparison. In (a), the mask was resting on the 
nanocomposite film surface {h = 0 mm). In (b), the mask is suspended above the film (A = 2 mm).
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When the mask was set a th  = 2 mm, there was evidence for “leakage” of radiated heat 
into the masked region. In Figure 5.10b, it is seen that the fibrillation plateau is shortened at 
regions close to the mask border. Under the mask at a distance of 2 mm from the border, the 
adhesion energy was reduced to 361 J m" ,^ which is 73 % of the original value. As the 
distance moving under the mask away from the edge increased, the adhesion energy rose. 
Figure 5.11 shows that when the mask is in contact with the adhesive, the definition o f the 
mask pattern is higher. Simple ray-tracing analysis (see Appendix 5.5.2) reveals that when the 
mask is at a height of 2 mm, oblique radiation to from an IR emitter (0.7 m in length) extends 
up to 2 cm underneath the mask edge. The energy density of the IR emitter varies inversely 
with distance, which results in a lateral temperature gradient underneath the mask. Hence, it 
can be understood why the adhesive’s switch-off sintering extends only for distances of a few 
mm under the mask edge. Additionally, the thermal conductivity of the nanoeomposite and 
the substrate will influence the lateral heat flow. Temperature gradients laterally in the plane 
of the film could potentially lead to gradients in the adhesion energy.
As a demonstration of the utility of the process, small circular metallic disks (with an 
under-layer of silicone-coated paper) were placed on a nanoeomposite surface prior to IR 
irradiation. The exposed areas hardened to make a taek-free coating. In the areas under the 
disks, tackiness was retained. Small plastic pellets adhered to the adhesive surface and 
replicated the pattern created by the disks (Figure 5.12).
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Figure 5.11. The average tack adhesion energies for each position relative to the mask border for the mask at 
h = 2 mm and in contact (h = 0 mm).
10 mm
Figure 5.12. Photographs o f a region masked by three gold-coated coins, before and after IR irradiation. Small 
plastic pellets adhere to the formerly-masked regions, but they do not adhere elsewhere on the Him surface.
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5.4 Conclusions
It was found that with an optimised particle blend, the initial tack adhesion energy of P2 
was increased by 40 % to a value of 493 Jm'^ in the nanoeomposite with 16 vol. % NPs. 
Furthermore, when irradiated under a 4 kW carbon IR emitter for 30 s, the nanoparticles, 
formerly acting as a filler phase, coalesce and form a rigid structure. The modulus and yield 
point of the nanoeomposite were raised, preventing fibrillation and “switching-off’ the tack 
adhesion properties of the film. This showed the technique described in Chapter 4 can be 
applied using different nanoparticles. The tack adhesion energy was reduced to 39 Jm’^ , i.e. 
just 8% of the initial value, thereby providing a similar switch-off to recently-published 
work.^^^ Placing an opaque mask in contact with the adhesive during exposure to IR radiation 
created patterned adhesive regions with a spatial resolution of at least 2 mm.
Patterning of the nanoeomposite adhesion is not dependent on particular polymer 
chemistry, but rather the new concept relies on a physical mechanism. The method is fast 
(taking only 30 s), and it is easy to execute; only needing a simple mask (such as coins or 
plates with holes) and an IR radiation source. After deposition of a nanoeomposite layer, 
regions can easily be defined to be adhesive, whereas other regions are non-tacky. The 
patterned adhesives could be particularly useful in electronics as a solder replacement or 
wire-tacking aid, as a means to create patterned adhesive breadboards; or in bandages, where 
they could be individually tailored to fit the contours of a particular wound on a body part.
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5.5 Appendix
5.5.1 IR Profile and Particle Sintering Model
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Figure 5.13. Temperature-time profile o f the nanoeomposite adhesive when heated by a 4 kW IR emitter that is 
positioned 3 mm above it. The IR emitter was powered on for 30 seconds, during which time the adhesive 
temperature rose from an initial 22 °C to 190 °C. The IR emitter was then switched off, and the adhesive cooled. 
The temperature was recorded with a thermocouple placed on the film surface, with the temperature logged 
every 0.1 seconds.
Under intense IR radiation for 30 s, the temperature of the adhesive inereases at a rate 
of ca. 10 °C/s before stabilising at a temperature of 190 °C (Figure 5.13). Although the 
radiation time is relatively short, an order of magnitude estimate supports the idea that NPs 
are able to sinter to ereate a rigid network during this inteiwal. The characteristic time, r, for 
particles of radius, R, to sinter, driven by a polymer/air interfacial energy of y, is given as
[5.1]
where rj is the viscosity of the material in the p a r t i c l e . ( I n  this equation, the characteristic 
time T scales with viscosity: highly viscous particles take longer to sinter; radius: large 
particles thus with greater interfacial energy increase r; and surface energy: low surface 
energy particle pairs have a larger t.)
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The temperature dependence of a polymer’s viscosity can be approximated by the WLF
equation 18 0 .
^  ^  g-34(T-7^)/(80+T-7^) [5.2]
where % = 6.5 x 10^° Pa s. Taking the average temperature under IR radiation, T, to be 
initially 100 °C, and the Tg to be 71 °C for the nanoparticles, 77 is estimated to be on the order 
of 6 X 10  ^ Pa s. With R = 3.5 x 10'  ^ m and taking f  = 3 x 10'^ J m'^ (value for PBuA), t  is 
found to be on the order of 10 s. Thus, it is realistic for the contacting nanoparticles to sinter 
together after 30 s of IR radiation.
5.5.2 Ray Tracing Analysis
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Figure 5.14. Calculation of stray IR radiation reducing edge resolution o f patterns.
Figure 5.14 shows the geometric anangement of the IR emitter, mask, and PSA (not 
drawn to scale). The symbols are defined as follows:
L = length of IR emitter = 0.7 m
cl = distance between IR emitter and mask = 3 cm = 0.03 m
1 0 6
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h = height of mask above PSA = 2 mm = 0.002 m
e = edge effect (distance that IR radiation reaches beyond the edge of the mask)
The IR radiation from the far end o f the lamp will strike the mask at an angle-of- 
incidence of 6. From trigonometry, it can be written that
tanO =  [5.3]
/2
IR radiation coming from the far end of the emitter will pass through the mask at an 
angle 6 and strike the adhesive at a distance e from the edge of the mask. Thus, this relation 
holds:
tan  ^ =  J  [5.4]
Substituting for tan <9, obtaining:
Lh
® -  i d  [5 3]
Thus, for the experiments shown above, where L - 0 .1 m ,h  = 0.002 m, and d -  0.03 m, 
it is found that the distance IR radiation extends beyond the edge of the mask is e = 0.023 m 
or 2.3 cm. This simple calculation can explain why some adhesion is lost under the edge of 
the mask to distances on the order of 1 cm.
Then considering the radial energy density of the cylindrical IR emitter, assuming it 
emits equally along its length, the energy density, Ed is found to vary inversely with radial 
distance from the emitter, dr, given by
[5G]
where P  is the emitted power, and 2%drL is the radial surface area of the length o f the 
cylinder. It stands to reason that whilst stray radiation at oblique angles from the emitter is 
able to reach the film surface up to a distance e, it will only do so at large distances. The 
reduction in energy density as a function of distance from the lamp results in a temperature 
gradient in this area, with the temperature dropping considerably with increased angle of 
incidence 6 (and thus increased dy). The gradient in energy density due to oblique radiation 
leads to a gradient in temperature and therefore a variation in the extent of sintering in areas 
underneath the mask.
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The value of e can be reduced by using a shorter IR emitter or by rotating the emitter by 
90 degrees, such that its length runs parallel to the edge of the mask. Additionally, e can be 
reduced by moving the IR emitter further away (increasing d) and by decreasing h, as was 
found in these experiments.
In this derivation, the thickness of the mask is neglected. A mask with a finite thickness 
would reduce the stray IR radiation. Increasing the mask thickness sufficiently will eliminate 
stray radiation entirely.
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Chapter 6
Optimisation of the Bulk and Adhesive Properties of 
a Waterborne PSA Through the Addition of a 
PoIy(Acrylic Acid)-Based Diblock Copolymer and 
pH Adjustment
It is well known that copolymerising an acrylic acid comonomer is beneficial for the design 
of high performance pressure-sensitive adhesives. Here, a diblock copolymer comprising 
poly(acrylic acid) (PAA) and poly(/2-butyl acrylate) (PBuA) is adsorbed onto soft latex 
particles prior to fihn formation. The pH-sensitivity o f the glassy PAA block is used to fine- 
tune the bulk and adhesive properties of several too-soft PSAs. The elastic modulus and 
tensile strength of these PSAs were raised, and their adhesive properties were improved. PAA 
blocks act as a percolating network that raises the elastic modulus of the material and imparts 
creep resistance. The effect of pH variation on the adhesive properties of acrylic copolymer 
latexes is studied, finding that both bulk and adhesive properties are strongly pH-dependent 
when the PAA-PBuA diblock copolymer is added post-synthesis. The adhesion energy o f the 
initially underperforming PSA was doubled whilst its resistance to creep was improved, due 
to a combination of the addition of the PAA-based diblock, and pH adjustment. In contrast, in 
the absence of any PAA-PBuA, the copolymer latex did not exhibit any pH-responsive 
character. However, in an already-optimised acrylic copolymer PSA formulation, a pH 
mcrease only serves to over-harden the material. Its higher elastic modulus causes a drop-off 
in adhesive performance, but the tensile strength and creep resistance are both increased.
109
6. Optimisation o f the Bulk and Adhesive Properties o f a Waterborne PSA Through the Addition of a
Poly(Acrylic Acid)-Based Diblock Copolymer and pH Adjustment
6.1 Introduction
In this chapter, the adhesive properties of three poly(n-butyl acrylate) copolymer latexes 
are reported. The first latex (denoted PSA A) is synthesised using surfactants and it contains 
approximately 1 wt. % acrylic acid comonomer. Its composition and molecular structure are 
optimised to achieve good adhesive properties. The other two latexes are surfactant-free 
latexes based on a similar composition to PSA A; the first latex (denoted PSA B) contains an 
acrylic acid comonomer and the second one (denoted PSA C) is copolymerised in the absence 
of any acrylic acid.
Comparisons are made regarding the effect (on bulk and adhesive properties) of adding 
a PAA-based diblock copolymer post-synthesis rather than adding AA as a comonomer 
during the synthesis, as a means to study the effect of the spatial location of the AA groups at 
the molecular level within a fihn. The pH-responsive character o f the PAA-based diblock 
copolymer is used to optimise the tensile, shear and adhesive properties of the soft copolymer 
latexes. The pH of the aheady-optimised PSA is also adjusted, in an attempt to further tune its 
bulk and adhesive properties.
The effect of the diblock copolymer network structure is investigated by comparing 
films from latex with AA statistically copolymerised within the polymer particles to latex 
particles coated with the PAA-based diblock copolymer prior to film formation. In the 
standard AA-copolymerised materials (PSA A and PSA B), AA is added at the same time as 
the other comonomers, but it is enriched in the particle shell owing to its hydrophilic nature 
during the synthesis (which was conducted at pH > 6). Figures 6.1a and 6.1b illustrate the 
structures. PSA B is a surfactant-free formulation, which is intended to facilitate easier AA 
diblock copolymer absorption (Figure 6.1c) compared to PSA A, because there is little 
electrostatic repulsion between the latex particles and the anionic PAA block. In some 
experiments, 2.0 wt. % of a poly(acrylic acid-6-n-butyl acrylate) (PAA-PBuA) diblock 
copolymer (Figure 6.1d) is adsorbed on its surface. This amphiphilic diblock copolymer was 
designed to adsorb onto the surface of the latex particles via its hydrophobic PBuA block, 
while the hydrophilic PAA block extends into solution to ensure colloidal stability at 
neutral/alkaline pH. PSA C contains no AA (Figure 6.1e), and the diblock copolymer was 
also adsorbed on it (Figure 6.1f).
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In the final films, the diblock copolymer is expected to be isolated at the particle 
boundaries, where it should create a percolating honeycomb-like network. Similarly, 
Mezzenga et al. created a percolating network of a semiconducting copolymer by adsorbing 
this species onto polymer colloids prior to film foimation.^^’ Their percolating structure is 
also similar to that created by Deplace et al. when using core-shell particles with crosslinking
between the shells during film formation 46
In the present work, the percolating AA network is employed as a vehicle for adjusting 
composite properties. The PAA block is glassy at room temperature and therefore can 
potentially provide mechanical reinforcement.
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Figure 6.1. Schematic representation o f (a) optimised PSA prepared using a p(nBuA)-rich copolymer containing 
AA [PSA A], (b) PSA with a similar comonomer composition to that o f PSA A, but prepared by surfactant-fi'ee 
emulsion polymerisation [PSA B] (c) PSA B particles blended with PAA-PBuA diblock copolymer [PSA B2], 
(d) close-up view of the airangement o f the adsorbed copolymer on a single particle surface, (e) PSA prepared 
by surfactant-ffee emulsion polymerisation without any AA comonomer [PSA C], (f) PSA C particles blended 
with PAA-PBuA diblock copolymer [PSA C2]. Key: Blue: BuA, Red: AA (gradient represents radial 
distribution o f BuA/AA phases with a higher concentration o f AA towards the surface of the particle), Green: 
Surfactant. For the purpose o f this diagram, particles are shown close together as they would be during the latter 
stages of drying, i.e. at high solids content.
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6.2 Materials
Syntheses of the materials used in this ehapter were earried out by eollaborators at 
Cytec Surface Specialties (Drogenbos, Belgium) and the University of Sheffield (UK). The 
procedures listed here are simplified in line with a confidentiality agreement with Cytec. 
Further characterisation is included in Appendix 6.5, Figures 6.14 -  6.19.
6.2.1 Preparation of Optimised PSA Latex (PSA A)
“PSA A” latex was synthesised using semi-eontinuous emulsion polymerisation. De­
ionised water and 40 nm seed particles were added to a reactor equipped with a double-jacket 
heated at 83 °C. Separately, a pre-emulsion of monomer was prepared by adding de-ionised 
water, surfactants, a buffer and the monomers. The monomer mixture comprised n-butyl 
acrylate, acrylic acid, methyl methacrylate and ethyl acrylate. When the reactor temperature 
reached 83 °C, an aqueous solution of sodium persulfate and the pre-emulsion were added 
simultaneously over 4 hours. After complete addition of the pre-emulsion and the initiator 
solution, the reactor was allowed to cool to 20 °C and the latex dispersion was filtered to 
estimate its eoagulum content and stored prior to use.
6.2.2 Preparation of PSA Without Surfactant (PSA B)
De-ionised water was added to a reactor equipped with a double jacket heated at 83 °C. 
Then, 200 g of a monomer mixture based on n-butyl acrylate, acrylic acid, methyl 
methacrylate and ethyl acrylate were added to the reactor. When the reactor temperature 
reached 83 °C, sodium bicarbonate and an aqueous solution containing sodium persulfate 
(NaiSiOg) dissolved in 15 g of de-ionised water were added to the reactor. After 4 hours, the 
reactor was cooled down to 60 °C and stirred for a further hour. After cooling to 20 °C, the 
latex dispersion was filtered to estimate its eoagulum content and stored prior to use.
6.2.3 Preparation of PSA Without Acrylic Acid (PSA C)
De-ionised water containing sodium bicarbonate was added to a 1 L round-bottomed 
flask equipped with a magnetic stirrer. A monomer mixture based on n-butyl acrylate, methyl 
methacrylate and ethyl acrylate was added to the flask. The mixture was heated to 83 °C with 
the aid of an oil bath stirred at 500 rpm using a magnetic stirrer. After 10 minutes, sodium 
persulfate (NaiSiOg) dissolved in 3.75 g of de-ionised water was injected into the reaction 
vessel to commence polymerisation. The reaction solution turned milky-white within 30
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minutes, and was stirred for a further 4 hours. After 4 hours, the flask was eooled down to 
60 °C and left stirring for a further 1 hour. After eooling down, the latex dispersion was 
filtered to remove any eoagulum.
6.2.4 Reversible Addition-Fragmentation Chain Transfer (RAFT) 
Synthesis of Poly(Acrylic Acid-block-w-Butyl Acrylate) Diblock 
Copolymer (PAA-PBuA)
In a 100 mL flask, acrylie aeid monomer and a small amount of 2-eyano-2-propyl 
dodeeyl trithioearbonate (Strem Chemicals) as the RAFT chain transfer agent were added, 
along with 10 mL of ethanol. The solution was sealed with a rubber septum and then 
deoxygenated using a N% stream for 30 minutes. Separately, in a vial, a small amount of 
4,4'-azobis(4-eyanovaleric acid) (ACYA) was dissolved in 5 mL o f ethanol and deoxygenated 
using a N2 stream for 30 minutes. Then the reaction flask was placed in an oil bath pre-heated 
at 70 °C. Temperature equilibrium was reached after 20 minutes and the ethanoie solution 
was added via syringe. The reaction was stirred for 4 hours at 70 °C. NMR showed that 
the reaction conversion was around 95 % and GPC confirmed a relatively narrow molecular 
weight distribution (M„ = 6,250 g mol"^; MJMn -  1.17). The second block was grown by the 
direct addition of degassed BuA in methyl ethyl ketone at the end of the AA polymerisation. 
This second-stage polymerisation was maintained at 70 °C and allowed to proceed for 24 
hours. The reaction was quenched by exposure to air. NMR showed that the reaction 
conversion was around 97 % and GPC confirmed a higher molecular weight distribution for 
the second block (M„ = 10,160 g mol'*; MJMn = L39). Finally, the dibloek copolymer was 
precipitated into excess cold n-hexane and dried under vacuum after filtration. (Further details 
of the diblock characterisation are included in the Appendix, section 6.5)
6.2.5 Polymer Blend Preparation
The PAA-PBuA dibloek copolymer was dissolved in de-ionised water (in a beaker 
using a magnetic stirring bar, for 2 hours at room temperature) to make a 25 wt. % solids 
solution. The pH of the solution was measured as pH 2.56 using a bench pH meter (3345 
Bench Ion Meter, Jenway, Staffordshire, UK). The solution was added drop-wise to the PSA 
latexes at their natural pH. Blends were mixed using a magnetic stir bar for 30 minutes, 
agitated for a further 2 hours, and allowed to rest for 30 minutes before use. The pH o f these
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polymer blends were adjusted between pH 3 and pH 10, using either 1 M NaOH or 1 M HCl 
(added drop-wise), monitoring the pH using a pH meter with an accuracy o f ± 0.1 pH units.
6.3 Results
In the first section, the bulk meehanieal properties of the starting materials (PSAs A, B 
and C with and without PAA) are considered, and related to their respective adhesive 
performances. Then, the next section considers the effects on properties of both 
copolymerised AA within the particles and post-added PAA, as well as the effects of the 
variation o f solution pH. In the final section, the optimised PSA A formulation is considered, 
exploring the effect o f solution pH variation in this case.
6.3.1 Comparison of the Bulk Mechanical and Adhesive 
Properties of the Initial Formulations: Optimised and Non- 
Optimised PSAs
The characteristics of the three copolymer latexes are summarised in Table 6.1. Each 
PSA was employed at pH 3 for the initial experiments, and effects of pH variation are not 
discussed in this section. The tabulated data confirmed that PSA A is optimised for its 
adhesive performance: its glass transition temperature, Tg, is in the optimum range^^ and its 
low degree o f crosslinking leads to a gel fraction of 18 wt. %. PSA B was prepared without 
any surfactant at a relatively low solids content {i.e. 10.0 wt. %) to minimise coagulation 
during the synthesis and was later re-eoneentrated by centrifugation to prepare films of good 
quality. PSA B was not optimised for adhesive applications. It has a lower weight-average 
molecular weight (as judged by GPC of the soluble component) and also a lower It is
somewhat less crosslinked (lower gel fraction) than PSA A, which reduces its strain 
hardening behaviour. Furthermore, it has a very broad molecular weight distribution, and the 
low molecular weight component will dilute the network o f polymer chain entanglements and 
hence reduce the elastic modulus.^®’^ "^^  PSA C was prepared without any AA eomonomer and 
also without any surfactant, again at low solids content and later re-coneentrated. Without the 
high Tg contribution from the AA eomonomer, this copolymer has a relatively low Tg. PSA C 
has a very low gel fraction in comparison to PSAs A and B. All three latexes have similar 
eomonomer compositions (see experimental details), but significantly different Mw, M„, and 
gel fractions.
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Table 6.1. Characteristics o f PSA formulations A, B and C at pH 3
Sample
Description
Hydrodynamic
Diameter
(nm)
DLS
polydis-
persity
Solids 
Content 
(wt. %)
Gel
Fraction 
(wt. %) (g/mol) (g/mol)
Mn/M.'"' T [C|
(°C)
PSA A: 
P(BuA) 
copolymer
270 0.03 48 ±1 18 304,200 53,000 5.7 -33
PSAB"”: 
P(BuA) without 
surfactant
270 0.03 35 ± F'] 13 610,400 24,100 25.3 -37
PSA
Without surf­
actant or AA
475 0.06 27 ± iM 4 231,300 32,300 7.39 -38.0
[a] Obtained by dynamic light scattering (DLS). [b] Obtained by THF GPC. [c] Obtained by DSC at a heating 
rate o f 10 °C per minute, [d] Prepared by surfactant-free emulsion polymerisation at 10 % solids, [e] Re­
concentrated by centrifugation to prepare films o f better quality.
In PSA C2, and B2 (discussed in section 6.3.2), 2.0 wt. % of the poly(aerylic aeid)- 
based block copolymer (based on the weight of the latex copolymer) was blended with the 
dispersions of PSAs C and B, respectively, at a pH of 3 (illustrated in Figure 6.1c and Figure 
6.1f). The value of 2.0 wt. % of the dibloek copolymer was chosen to be comparable with the 
eopolymerised amount of AA eomonomer (1.0 wt. %) -  assuming that 50 % of the 
PAA-PBuA dibloek is composed of AA units as initially targeted (see Appendix, section 6.5). 
To ensure strong physical adsorption of PAA at the latex surface and to prevent its 
subsequent migration to the film surface, the PAA was incorporated in the form of the 
amphiphilic dibloek copolymer PAA-PBuA. Acrylie aeid was polymerised to form the first 
block with n-butyl acrylate being subsequently polymerised as the second block using a living 
radical polymerisation technique known as reversible addition-firagmentation chain transfer 
(RAFT) polymerisation. The PAA-based dibloek copolymer exhibits two Tg values at 98 °C 
and -46 °C (as measured by DSC under nitrogen at a heating rate of 10 °C per minute), 
corresponding to the PAA and PBuA blocks, respectively. It is noteworthy that when the pure 
PAA-PBuA dibloek in solution is adjusted to pH 10, there is an insignificant change in the Tg 
of either component. This is an unusual result, since the degree of neutralisation influences 
the microstructure and final film properties and hence the Hence, it is possible
only the Tg fi*om the un-neutralised PAA phase is observed.
Analysis of the dibloek adsorption supports the expected result. Dynamic light 
scattering studies indicate a larger hydrodynamic diameter for sample C2 compared to the
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PSA C latex alone above pH 6. The increase in diameter o f ca. 20 nm can be explained by the 
adsorption of the PAA-PBuA dibloek copolymer at the latex surface (see Appendix, section 
6.5, Figure 6.15). An increase in the polydispersity index from approximately 0.2 to 0.3 
when reducing the pH below 6 is also observed (Appendix 6.5, Figure 6.16). This result can 
be explained by particle aggregation at low pH due to the hydrophobic character of the 
protonated PAA block under these conditions.
Table 6.2. Physical properties o f PSAs A, B, C and C2 prepared at pH 3
Sample Young’s 
modulus “
(MPa)
Storage
modulus
[± 0.03] 
(MPa)
Loss
modulus
Ib]
[± 0.02] 
(MPa)
Tan Ô
[bl
Tan
Ô / E ’ ™ 
(MPa’*)
Tack
adhesion
energy,
Fadh
(Jm-')
Creep, 
Hookean 
Solid com­
ponent, Eh 
(kPa)
Creep, 
Retard­
ation 
Time, Tk
(s)
Creep, 
Newtonian 
Viscous 
component, 
(Pa s)
PSA A 0.13 ± 
0.04
0.36 0.19 0.52 1.42 375 ±46 3x10* 87 528 ± 48
PSAB 0.033 ± 
0.005
0.18 0.11 0.63 3.7 211 ±23 3x10® 51 213±29
PSAC 0.029 ± 
0.005
0.13 0.05 0.37 2.94 88 ±21 5x10’ 89 207 ± 24
PSA C2 0.041 ± 
0.005
0.32 0.11 0.35 1.06 109 ±27 5x10® 90 597 ±44
[a] Obtained from tensile strain measurements at 1.0 mm s’* at 22 °C, [b] Obtained by DMA at 1 Hz and 22 °C
Bulk properties obtained from dynamic mechanical analysis (DMA) o f thick films 
prepared from PSAs A, B, C and C2 are compared in Table 6.2. PSA A has an elastic 
modulus, E \  of 0.36 MPa, which is close to the optimum value prescribed by the Dahlquist 
criterion. In contrast, PSAs B and C have considerably lower storage moduli which are 
explained by their lower molecular weights and higher polydispersity leading to a lower 
entanglement density. E' for PSA C is lower compared to PSA B because of the absence of 
AA eomonomer. In C2, prepared using the post-added PAA-PBuA, the modulus increases to 
0.3 MPa, indieatmg the post-addition o f the pH-sensitive dibloek copolymer effectively raises 
the elastic modulus. The higher tan SI E' ratio of PSAs B and C indicates a greater relative 
viscous component.
PSA A demonstrates strain hardening under tensile strain (Figure 6.2a), which is a 
result of its erosslinking (as indicated by its gel content of 18 wt. % in Table 6.1). PSAs B 
and C both have significantly lower tensile strengths and do not exhibit any strain hardening
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in the stress/strain analysis (Figure 6.2a). This result is explained by the lower gel fraetions 
(and lower number of erosslinked chains) of PSA B and C (13 and 4 wt. %, respectively). 
PSA C2, with added PAA-PBuA dibloek dried at low pH (3), has an increased tensile 
strength over PSA C, and its Young’s modulus is increased by 25 % after the addition o f the 
PAA-PBuA dibloek copolymer. This result is attributed to the reinforcing effect of the PAA 
dibloek copolymer network.
The creep performance of all o f the materials is poor. Even PSA A, which has 
optimised adhesive properties, has poor creep properties, and hence poor shear resistance is 
expected. This is a common problem in PSAs; shear strength is often compromised to achieve 
the physical properties required for good adhesive performance. Failure of all materials is 
observed under low stress within a short period o f time, as shown in Figure 6.2b. However, 
when considering the parameters extracted from Burger’s model (see Table 6.2), an increased 
Hookean elastic modulus (E h )  component is seen in C2 compared with C, which is consistent 
with the higher storage modulus reported earlier. For C2, the Newtonian viscous component 
( t/ n )  is higher than that of PSA C, which correlates with its greater loss modulus. The 
optimised PSA A has a higher viscous component than the softer B and C formulations. 
(Burger’s model was used to fit curves to the experimental data using equation 2.38, and here 
parameters relating to the elastic and viscous components, as explained in section 2.5.5, are 
presented.)
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Figure 6.2, Mechanical properties of PSAs A, B, C and C2 at pH 3: (a) large-strain tensile deformation; (b) 
creep (% strain) as a function of time (under 0.05 MPa stress at room temperature); (c) representative probe-tack 
curves.
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The retardation times, %  for all materials are short, signifying low viscosities and poor 
creep resistance. Interestingly, the retardation time for C2 is higher than the other materials. 
The PAA block, present in C2, is glassy at room temperature (with its Tg o f 98 °C). The 
results are consistent with a structure of reinforcing PAA percolating throughout the material. 
H-bond interactions between AA moieties at low pH will provide cohesion. Addition of the 
PAA-PBuA diblock copolymer to PSA C2 marginally increases the creep parameters 
compared to PSA C, as it compensates for the non-optimal molecular characteristics (low Tg 
and Mw) and raises both the viscous and elastic components.
In relation to the probe-tack measurements, the higher tan 3/ E' ratios observed for 
PSAs B and C indicates they have relatively high viscous components which, in the case of 
B, can explain the greater fibrillation (longer plateau) than is observed for PSA A.^^ However, 
the lower elastic moduli of PSAs B and C result in a fibrillation plateau that is significantly 
lower than for PSA A. PSA C is a very poor adhesive, and has little fibrillation and a low 
maximum stress, as expected from its bulk properties. The comparatively low viscosity 
indicated by the creep data is mirrored in the liquid-like probe tack response observed in 
Figure 6.2c. In the case of C2, there is a modest increase in maximum stress but little change 
in the length o f fibrillation plateau or overall adhesion energy. Despite the discernible 
increase in modulus and tensile strength, there is little evidence that the post-added PAA- 
PBuA improves tack adhesion at pH 3.
The effect of crosslinking in PSA A is noticeable in the probe-tack debonding curve as 
a slight increase in the plateau modulus in the fibrillation stage (Figure 6.2c), before it 
debonds cleanly, leaving no residue. With a lower gel content m B and C, as well as a higher 
ratio of tan S/E \ there is liquid-like debonding from the probe, resulting in cohesive failure. 
Although the fibrillation plateau is long (reflecting its viscous component), the plateau is low 
and downward sloping, reflecting the lower modulus and low erosslinking density. Overall, 
the adhesive performance of PSA A is superior at pH 3. Its tack adhesion energy is four times 
greater than that of PSA C (Table 6.2).
Table 6.2 shows that PSA C is inferior in terms of its bulk mechanical properties. 
However, the addition of PAA-PBuA to PSA C at low pH increases the elastic modulus, 
storage modulus and creep parameters above those for both B and C formulations {i.e. in the 
absence of any post-added diblock copolymer). Nevertheless, its physical properties 
(including the tack adhesion energy) remain inferior to those of the optimised PSA.
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6.3.2 Effect of pH Change on Bulk and Tack Properties of 
Adhesives With and Without the Addition of the PAA-PBuA 
Copolymer
From the previous discussion it is clear that, when latex films were prepared at pH 3, 
the resulting mechanical and adhesive properties of PSA C are modified by the addition of 
PAA-PBuA diblock copolymer. Next, the effect of varying the pH is considered for PSA C as 
well as PSA B, both with and without post-added PAA-PBuA copolymer. PSAs B and C with 
the addition o f 2.0 wt. % PAA-PBuA copolymer are designated as B2 and C2, respectively.
AA residues are known to impart pH responsiveness,^and raising the solution pH has 
been shown to improve adhesive performance.^®^ Here, it is thought that at higher pH, ionic 
interactions between PAA groups will form physical crosslinks (in a similar manner to “ionic 
crosslinks” seen in other work rigidifying the material.
To evaluate the pH sensitivity, an aqueous solution of 1 M NaOH or 1 M HCl was 
added drop-wise to the aqueous phase to adjust the pH of each of the dispersions (in the case 
of B2 and C2, after blending with PAA-PBuA)).
At pH 3, the effect of adding the PAA-based diblock has a marked effect on the 
modulus (as was seen with 02  in the previous section). For both B2 and 02, E' increases, 
compared to their non-diblock counterpart, by a factor of 1.5 for B2, and almost 3 for 02. 
This is indicative of the hardening effect o f the diblock at low pH.
In Figure 6.3a, a large increase in the storage modulus (E ’) is seen as the solution pH is 
increased for both eopolymerised AA (PSA B) and post-added PAA-PBuA diblock 
copolymer (PSAs B2, 02). At low pH, PSAs B2 and 02  have a higher elastic moduli than B 
due to the fact that the PAA block of the post-added PAA-PBuA copolymer is glassy, and it 
creates a percolating network, rigidifying the material. Interestingly, PSA 02  has a higher 
elastic modulus than B or B2 at pH 3. This could be due to a better adsorption of the PAA- 
BuA diblock onto the AA-firee surface of the PSA O compared to its adsorption onto PSA B 
where the AA eopolymerised during the latex synthesis may result in some electrostatic 
repulsion with the anionic diblock copolymer.
In the cases of B, B2 and C2, there is also an increase in loss modulus for these three 
materials with increasing pH (Figure 6.3b).
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Figure 6.3. Effect o f varying the solution pH on bulk mechanical properties: (a) storage modulus, (b) loss 
modulus, and (c) tan Ô/E’ for materials B, B2, C and C2.
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Without acrylic acid (PSA C), the change in pH has a minimal effect on both the 
storage and loss moduli. For PSA C, the variation in tan d! E' (Figure 6.3c) is within the 
experimental error of the measurements and therefore is not eonsidered significant, but for the 
other materials the ratio decreases with increasing pH. These results demonstrate 
convincingly that the effeet of solution pH on the dynamic modulus can be attributed to the 
earboxylic acid groups present in the AA residues, since changes are observed only in the 
presence of either AA eomonomer or the PAA-PBuA dibloek copolymer. With neither (PSA 
C), no changes are observed. At higher solution pH, the AA units become ionised and form 
anionic carboxylates. In the final film, the carboxylate groups contribute to greater cohesion 
in comparison to when films are east from low pH solutions, in which there is hydrogen 
bonding between the protonated groups. (This point is further diseussed in the next seetion.)
Next, large-strain tensile deformation measurements are considered for the same four 
formulations as a function of solution pH (Figure 6.4). Firstly, notable differences occur 
upon the addition of the PAA-based dibloek: both tensile extension and maximum stress are 
increased at each pH for both B2 and C2 compared to B and C respectively. Like with the 
modulus, the greater maximum stress is an indicator of the rigidifying effect of the PAA- 
PBuA dibloek. The mcrease in extension is interesting as this suggests the addition of the 
dibloek aids to the formation of a stronger interface between partieles, allowing greater stress 
and extension before failure.
Dramatic increases in the tensile strength (maximum stress attained) and Young’s 
modulus (see Figure 6.5a and b) are observed for formulations containing both 
eopolymerised AA and post-added PAA-PBuA when the pH increases, but not for the 
formulation with no AA. The tensile strength of B at pH 3 (Figure 6.5b) is slightly lower 
than that of B2, but the tensile curves differ in that the tensile stress of B2 plateaus, while the 
stress required to strain sample B decreases for larger strains at higher pH, This is indicative 
of the effect of the adsorbed PAA-PBuA copolymer acting to rigidity the material under 
tensile stress even at low pH.
However, at pH 3, there is little difference in the Young’s modulus for all 
formulations. But at pH 10, for B2 and C2 it rises by factors of 4 and 5, respectively. Notably, 
both the Young’s modulus and tensile strength of B2 show a stronger response to pH 
adjustment compared to the corresponding values observed for B.
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Figure 6.4. Large-strain tensile deformation o f (a) B, (b) B2, (c) C, (d) C2 [Continued overleaf]
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Figure 6.4. [Continued] Large-strain tensile deformation of (a) B, (b) B2, (c) C, (d) C2
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Figure 6.5. (a) Young’s modulus and (b) pseudo-yield point as a function o f solution pH.
The fact that foimulations with adsorbed PAA show greater pH response than those 
with eopolymerised AA is an interesting result. It is indicative of electrostatic interactions 
between PAA blocks strengthening the percolating PAA-PBuA network, noticeable as higher 
stress at large tensile strains. The Young’s modulus of B2 increases four-fold from pH 3
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to 10, whereas for B this parameter only doubles over the same pH range. At all pH values, 
B2 withstands larger strains at higher applied stresses prior to failure (Figure 6.4a and b), 
indicating that the addition of PAA-PBuA copolymer enhances the mechanical strength. 
There is no sign of strain hardening in C or C2 (Figure 6.4c and d, respectively), showing 
that the addition of PAA-PBuA copolymer cannot compensate for the low level of 
erosslinking obtained during the synthesis of PSA C. In PSA C, without any PAA, the change 
in pH has a negligible effect on both the storage and loss moduli. The small variation in 
Young’s modulus with increasing pH is within the range of uncertainty for such 
measurements. This pH-independent large-strain deformation is consistent with that found at 
small strain in the DMA studies. On the other hand, C2 shows remarkable pH dependence, 
with a five-fold increase in Young’s modulus observed from pH 3 to pH 10, and a significant 
rise in maximum stress over this pH range. The addition of PAA-PBuA to PSA C increases 
the stiffiiess and the distance strained before tensile failure. This was also observed when the 
PAA dibloek was added to PSA B. As was noted before, the dibloek imparts pH responsivity 
to PSA C.
In the cases presented here, a stronger pH dependence of the tensile properties was 
observed after the addition o f PAA-PBuA as opposed to eopolymerised AA. Polar 
interactions between ionomer domains contribute to a percolating network of PAA at high 
pH. The PAA block is glassy at room temperature and in the absence o f water. The PAA- 
PBuA diblocks create a thin shell that percolates through the entire material when a film is 
formed. This network enhances the mechanical rigidity of the copolymer film.
At low pH, the neutral PAA block is not extended but is instead collapsed on the 
particle surface because of its poor water solubility (Figure 6.6a). Thus hydrogen bonding 
interactions between PAA blocks located on neighbouring latex particles are minimised. 
Hydrogen bonding either occurs between the AA residues within the same block, or between 
neighbouring diblocks at the surface of the same latex particle. The lack of inter-particle 
bonding results in a poorly-networked material with a relatively low storage modulus. At high 
pH, the presence of Na"^  cations leads to the formation of polar ionomeric domains (as shown 
in Figure 6.6b). The ionomer domains act as weak physical crosslinks between the latex 
particles within the network, which raises its modulus.
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Figure 6.6. Carboxylic group interactions at (a) acidic pH and (b) basic pH
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Next, the ability of these PSA samples to withstand shear stress is considered, as 
characterised using analysis of creep tests shown in Figure 6.8a-e. The differences between 
the creep properties of the four formulations as a function of pH are substantial. As found for 
the large strain properties, there is little difference between the materials at pH 3, with each 
showing poor creep resistance. When AA was eopolymerised or PAA-PBuA adsorbed onto 
the particles, the creep resistance is enhanced (lower values of strain) by increasing the pH. 
The creep resistance of B2 (Figure 6.7a) at high pH is significantly greater than for B 
(Figure 6.7a), as indicated by its weaker strain deformation over a longer time period.
The creep resistance o f PSA C, prepared by surfaetant-free aqueous emulsion 
polymerisation without AA eomonomer, is not sensitive to pH change and has poor creep 
resistance between pH 3 and pH 10. Conversely, for C2, the creep resistance is much greater 
at higher pH, which indicates solidification o f the material and is consistent with the postulate 
that ionomeric domains within the percolated network of PAA at high pH act in a similar 
manner to ionic crosslinks,^ rigidifying the material (as shown in Figure 6.6).
From the Burger’s model parameters reported in Figure 6.9, there is a strong 
correlation between solution pH and a rise in the Kelvin-Voigt viscoelastic parameters, Ek 
and t]K (Figure 6.9b and c). For all formulations except the AA-free material (PSA C), there 
is a pronounced increase in the relaxation time with increasing pH. This indicates a reduced 
viscous contribution to the viscoelasticity, which will lead to increased creep resistance. A 
stronger pH dependence of these components is seen for formulations when the PAA-based 
diblock copolymer was added. B2 and C2 have tk values that are five times higher than their 
corresponding PSAs B and C (Figure 6.9e), indicating their greater resistance to creep. Note 
that, although PSA B contains AA moieties as comonomer, it has a comparatively low creep 
resistance across the pH range. These results clearly show that greater creep resistance is 
obtained in B2, where the PAA block is located within a percolating network around the latex 
particles. At high pH, ionic interactions between the PAA chains with the Na^ ions are able to 
support stress. In the absence of these ionic interactions {i.e. at low pH), and when the AA 
residues are not in a continuous percolating network {i.e. in PSA B), there is only poor creep 
resistance. This result confirms that the interactions between the ionomer domains formed by 
the added PAA-PBuA diblock copolymer at high pH create a network that increases rigidity 
as shown in Figure 6.6. This is an alternative mechanism to the chemical crosslinks or 
physical entanglements that are conventionally employed.
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Figure 6.7. Creep (% strain) as a function of time for samples (a) B (h) B2 (c) C and (d) C2 under 0.05 MPa 
stress at room temperature. Dotted lines represent Burger model fits. (Note differing time scales on the x-axis.) 
[Continued overleaf]
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Figure 6.8. [Continued] Creep (% strain) as a function o f time for samples (a) B (b) B2 (c) C and (d) C2 under 
0.05 MPa stress at room temperature. Dotted lines represent Burger model fits. (Note differing time scales on the 
x-axis.)
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Figure 6.9. Burger model parameters (a) Eh (b) Ef. (c) (d) v and (e) Retardation time, as a function o f pH
for samples under 0.05 MPa stress at room temperature.
The Newtonian viscous component, /;,v, exhibits a similar pH dependence, with the 
most viscous response observed for the samples with added PAA-PBuA block copolymer at 
high pH (Figure 6.9d). The addition of PAA-PBuA diblock copolymer appears to offer 
resistance to flow which is in good agreement with the postulation of the formation of a 
percolating network rigidified by ionic interactions.
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Unusual behaviour was found for the parameter Eh, which represents the instantaneous 
elastic modulus at small strains (Figure 6.9a). Eh decreases at high pH by several orders of 
magnitude for all materials with the exception of C (which contains no AA residues). This 
reduction in elastic modulus at high pH is in conflict with the storage moduli reported by 
DMA, as well as the large-strain results. This discrepancy is attributed to limitations in the 
fitting of the data. Only a relatively small number of data points are used to determine the 
instantaneous stress, thus such analyses are subject to large uncertainties. There is also the 
possibility of coupling between the parameters during the fitting process.
Next, the adhesive performances for these four PSA formulations are considered. 
Representative probe-tack curves are shown in Figure 6.10, whilst the average adhesion 
energies as a function of pH are shown in Figure 6.11. In Figure 6.10a, PSA B exhibits 
liquid-like debonding at low pH, with a low stress plateau. The long tail in the plateau, 
gradually falling to zero, is a sign of cohesive failure and is often observed when an adhesive 
is too liquid-like. As the pH is increased, the stress plateau rises (correlating with the rise in 
modulus shown earlier), while the fibrillation plateau is shortened, correlating with a relative 
loss of the viscous component. The result is much the same with B2 (Figure 6.10b), which 
has a higher stress plateau than B at low pH. However, at pH 10, the material is significantly 
over-hardened, such that debonding occurs at a very low strain with minimal fibrillation. This 
results in a lower adhesion energy than at pH 7.5. In this case, the PAA block interactions 
have a detrimental effect in raising the elastic component too high. Indeed, as seen in Figure 
6.3a, it was found that the storage modulus of E' = 0.6 MPa is significantly higher than the 
Dahlquist criterion (0.3 MPa), and hence the observed low tack adhesion is predicted from 
the bulk mechanical properties. The optimum tack adhesion energy is observed at pH 5 for 
PSA B2, but failure is liquid-like. At pH 7.5, adhesion energy is still high, and in addition the 
stress plateau is higher and near failure the curve drops rapidly, indicating cleaner 
detachment. PSA C does not show pH dependence in tack adhesion, and has a very low and 
gradually falling fibrillation plateau, indicating that the material is too soft and liquid-like to 
function as a PSA. This behaviour is consistent with its exceedingly high tan S/ E' ratio and 
its low viscous component in the creep analysis. In C2, the plateau rises and increases with 
pH, in the same way that its modulus rises (see Figures 6.4a and 6.5a). Notably, as the pH 
increases, the plateau length is extended and the debonding profile of the formulation 
becomes more solid-like (cleaner detachment is observed). The adhesion energy increases at 
higher pH, as the PAA interactions enable the soft PSA to support stress and form stronger
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fibrils. As seen in Figure 6.10, the adhesion energy of C2 at pH 10 is twiee the value at pH 3, 
leading to a large inerease in adhesion energy at pH 10. Hence, substantial optimisation of the 
adhesive character of PSA C is achieved thiough the addition of the PAA diblock and pH 
adjustment. This result correlates with the increase in storage modulus observed in the DMA 
studies, and in the viscous components found in the creep measurements. Many materials 
with good shear strength and creep resistance do not necessarily display good tack adhesion, 
thus this is a notable result.
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Figure 6.10. Representative probe-tack curves for (a) BO and (b) B2 and (c) CO and (d) C2 between pH 3 and pH 
10, and (e) the average adhesion energy values as a function o f pH.
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Figure 6.11. The average adhesion energy values for PSAs B, B2, C and C l  as a function o f pH.
In Figure 6.12, the correlation between raising adhesion energy and good creep 
properties (high creep retardation time) is shown. For PSAs B and C2 (Figure 6.12a), there is 
a positive correlation as pH increases, indicating that these materials have optimised tack and 
creep properties at high pH. For PSAs A and B2 (Figure 6.12b), there is a negative 
correlation. The PSA formulation optimised for adhesion, PSA A, has optimal adhesive 
properties at low pH, and its Eadh is reduced at higher pH. However, the creep retardation 
time, which can be coiTclated with good shear properties, increases with pH. The same is true 
for PSA B2 with an optimal Eadh at pH 5. This material has been optimised for adhesion at 
low pH, but it is optimised for good shear properties at a high pH.
In summary, a percolating network of ionomeric PAA units stiffens the PSA when there 
are polar interactions between PAA units at higher pH. The creep resistance is also increased. 
At the same time, the elastic component is raised to achieve the right viscoelastic balance (as 
indicated by the Dahlquist criterion and the parallel objective of achieving a high tan 5/ E' 
ratio), which results m a high tack adhesion. The addition of the PAA-based diblock to the 
initially non-pH responsive PSA C (forming PSA C2) not only imparts improved shear 
resistance, but attains a two-fold increase in adhesion energy.
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6.3.3 The Effect of Adjusting the pH of a Pre-Optimised PSA
Finally, the effect of pH adjustment on PSA A, which has been optimised for adhesion 
at pH 3, is studied. This formulation has an optimised probe-tack response for high adhesion 
energy, and has a finely-tuned viscoelasticity. As was shown in Figure 6.2, this PSA exhibits 
high tensile strength and shows strain hardening (which indicates light crosslinking). 
However, it has very poor creep resistance. The following experiments explore whether a 
higher pH can solidify the material sufficiently to increase its creep resistance without any 
significant loss in tack adhesion.
As the pH is increased to pH 10, Figure 6.13a shows the elastic modulus increases and 
hence tan S/E ' is reduced (a high loss tangent is an indicator of a tendency to fail by 
fibrillation^^). This shows the pH responsiveness of the copolymerised AA (as previously 
found by others^®^). Nevertheless, the' higher modulus has a positive effect on the tensile 
properties. As seen in Figure 6.13b, the increased solidity of the material imparts greater 
tensile strength and a corresponding increase in the Young’s modulus (see Table 6.3). Strain 
hardening is less apparent in this curve, but the overall maximum stress level is raised.
The creep resistance is also greatly improved with increasing pH. Initially, PSA A has 
almost no resistance to creep at pH 3, with the sample failing to withstand even a small 
tensile stress. However, there is a marked increase in creep resistance particularly at pH 7.5 
and pH 10, where the PSA is able to withstand stress for longer time periods with less creep, 
whereas it yields quickly at low pH. Looking at the Burger’s model parameters, there is a 
strong correlation between the increase of both Kelvin-Voigt and Newtonian fluid creep 
components (tjk and t/n) and the higher pH (see Table 6.3). As discussed in the previous 
section, this suggests physical crosslinks due to electrostatic interactions between ionomeric 
AA units at high pH rigidify the material, resulting in a viscous material with a higher elastic 
modulus and greater shear strength. (The instantaneous strain (Hookean solid component) is 
again difficult to fit and does not yield sensible data.)
Next, the adhesive characteristics are considered. Figure 6.13d shows that the increase 
in the elastic properties results in a hardening effect. The stiffer material has a higher plateau 
in the tack curve, but this plateau shortens significantly as the pH increases. There is a 
reduction in the extent of fibrillation, as the loss of the viscous component does not allow
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fibrils to be drawn. Improved tensile and shear properties are attained at the expense of 
adhesive performance.
While it is clear that PSA A is responsive to pH both in its modulus, tensile and 
adhesive properties, a question arises in attributing the pH responsiveness to either the AA 
comonomer (and the ionic interactions between COO' and Na^), or to the presence of 
surfactant in the composition. The surfactant also contains anionic groups; anionic surfactants 
can be pH-sensitive and thus may influence the mechanical properties of the material. A 
subtlety is that the presence of surfactant on the particle surface may act to shield the inner 
latex particle (and thus the AA comonomer) from the effect o f the Na^ ions present at high 
pH.
To examine the influence of surfactant, a solution of NaCl (1 M) was added to the PSA 
A dispersion at pH 3 (the same volume fraction as NaOH used to raise the pH to 10), and the 
tack experiments were repeated. As seen in Figure 6.14, this background salt had little effect 
on the material properties and did not cause hardening (as was seen previously in the tensile 
curves at high pH in Figure 6.4), hence the Na"^  cations from the salt do not interact with the 
surfactant in such a way as to influence the material properties. The same material was 
strongly affected by NaOH. Thus the effect of Na^ cations at can be attributed to interactions 
with the AA residues, rather than with the surfactant.
In many polymer systems, moieties are expected to be fully deprotonated at pH 7.5, raising a 
question as to why a further pH effect is seen at pH 10. However, for systems with significant 
hydrophobic components, Pinprayoon et al. show that attractive hydrophobic interactions 
oppose deprotonation (and shell swelling). Hence, the pKa is i n c r e a s e d . ^ 12 ^hus the nature 
of the pH effect in the case of PBuA extends to pH 10 due to its hydrophobic nature.
Table 6.3. Adhesion energy, energy o f deformation, Young’s modulus and Burger’s model parameters obtained 
for the adhesion-optimised PSA A formulation
pH Adhesion Energy Young’s Hookean K-V elastic K-V Retardat­ Newtonian
energy. of defor­ modulus. solid component viscous ion time, liquid
Eadh mation E compon­ E k compon­ component,
(J m-2) (J m b
ent, Eh ent IjK (s) Un
(MPa) (kPa) (kPa) (Pa s) (Pa s)
3 359 ± 5 2 231 ± 11 0.13 ±0.02 3x10* 433 ± 3 8 37.6 ± 7 87 528 ± 4 8
5 263 ± 36 307 ± 1 7 0.16 ±0.02 2x10* 523 ±41 64.9 ± 6 124 495 ± 3 4
7.5 185 ±21 381 ± 25 0.17 ±0.02 6 x l0 f 609 ±51 126.6 ± 9 207 3946 ±  248
10 182 ± 2 7 430 ± 44 0.21 ± 0.03 2 x l0 f 601 ± 4 9 261.8 ±  13 435 13900 ±900
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Figure 6.13. Analysis of PSA A as a function of solution pH. (a) Storage modulus and loss tangent; (b) large- 
strain deformation; (c) creep; (d) probe-tack adhesion data.
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Figure 6.14. Representative probe-tack curves showing the effect o f NaCl on PSA A at low pH.
6.4 Conclusions
This study has demonstrated the ereation of a percolating elastic network around soft 
colloidal latex particles in order to achieve a desirable combination of high tack adhesion and 
creep resistance in underperforming pressure-sensitive adhesives. This strategy is most 
successful when a poly(acrylic)-based diblock copolymer is adsorbed at the surface of latex 
particles prepared by surfactant-free aqueous emulsion polymerisation.
The technique is similar to strategies used elsewhere to tune properties via or a
strengthening percolating network."^ ’1 1 1 , 1 1 2 At low pH, the PAA phase from the diblock
copolymer located at the particle surface percolates throughout the copolymer film and thus 
raises its elastic modulus. At the same time, the soft cores within the PAA shells are able to 
effectively dissipate energy. The composite film has a sufficiently high viscous component to 
ensure that fibrillation occurs during debonding in tack measurement.
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When such formulations are cast at high pH, there are electrostatic interactions between 
the anionic carboxylate groups from the AA residues and Na"^  cations. The dipolar 
interactions cause weak physical crosslinks, rigidifying the material. In the formulation 
without AA, addition of PAA imparts pH sensitivity, and the tack adhesion energy was 
doubled when pH was raised from pH 3 to pH 10. Notably, creep resistance of the PSA was 
also improved.
On the other hand, it was found that if  a formulation already contains AA comonomer, 
the raising the pH over-hardens the material. Although creep resistance is retained, and tensile 
strength is improved, the tack adhesion properties are sacrificed.
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6.5 Appendix
Diblock Characterisation
Diblock characterisation was performed by collaborators at Cytec Surface Specialties and the 
University o f Sheffield. The average particle size (Z-average) of the polymeric nanoparticles 
was measured by dynamic light scattering (DLS) with a Zetasizer Nano ZS apparatus 
(Malvern Instruments).
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Figure 6.17. *H NMR spectra of the PAA homopolymer prepared by RAFT polymerisation in D^O.
NMR spectroscopy was used to calculate the degree of polymerisation of the PAA 
block. Assuming 100 % efficiency of the RAFT CTA, the integrated signal at 2.3 ppm due to 
the methine protons on the polymer backbone (signal b. Figure 6.17) was compared to the 
signal at 0.7-0.8 ppm assigned to the three methyl protons at the end of the dodccyl chain of 
the RAFT CTA (signal g in Figure 6.17). This approach indicated a mean degree of 
polymerisation of around 46.
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Figure 6.18. GPC curves of the poly(acrylic acid) block after 4 hours reaction (blue curve) and the purified 
poly(acrylic acid-co-/r-butyl acrylate) [PAA-PBuA] diblock copolymer.
GPC was carried out after méthylation of the AA moieties due to its poor solubility in 
THF as well as interaction with the GPC column. GPC studies indicate that the 
homopolymérisation of acrylic acid by RAFT polymerisation was controlled giving a 
poly(acrylic acid) (PAA) homopolymer of 6,250 g mof^ (based on polystyrene standards) 
with a relatively narrow distribution of 1.17. The second block copolymerisation of /z-butyl 
acrylate (izBuA) monomer was also controlled but the presence of a shoulder in the GPC 
curve indicate the presence of dead chain of poly(acrylic acid) chains which did not grow on 
polymerisation of «BuA monomer. The low PAA macro-CTA efficiency could be explained 
by the common loss of chain transfer agent occumng at high monomer conversion (usually 
more than 90 %). However, the displacement of the curve to higher molecular weight (lower 
elution time) indicate that most of the poly(acrylic acid) chains have reinitiated correctly for 
the copolymerisation of nBuA. The final poly[(acrylic acid)-block-(n-butyl acrylate)] (PAA- 
PBuA) diblock copolymer had aM„ of around 10,160 g mol ' with a PDI of around 1.39.
Table 6.4. GPC and 'H NMR data obtained for the preparation of the diblock copolymer PAA
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Block Conversion®
(%) (g mol ')
pQllbl Degree of 
polymerisation “
Poly(acrylic acid) [PAA] 96 6,250 1.17 46
PoIy(acryIic acid-b-n-butyl 
acrylate) [PAA-PBuA]
97 10,160 1.39 49
[a] obtained by H NMR; [b] obtained by THF GPC after méthylation o f the AA residues
HO
a + a’
b + b’
2.0 1.04.0 3.0
p p m  ( t1 )
Figure 6.19. 'H NMR of the PAA-PBuA diblock copolymer in Pyridine-dg.
NMR studies at the end of the reaction showed that the conversion of the second 
block was around 97 %. 'H  NMR of the purified product allowed estimation of the degree of 
polymerisation of the second block around 49 by comparing the signal of the polymer 
backbone at 1.9-2.5 ppm with the signal at 4.2 pm characteristic of the of the /z-butyl acrylate 
moieties.
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Chapter 7
The Effect of PDEAEA as a Core-Shell PSA 
Additive, Leading to a Unique Tubular Bubble 
Debonding Mechanism
This chapter considers a new candidate polymer for PSAs that has not been used in 
adhesive formulations before. Core-shell morphology is exploited to incorporate a soft shell 
made from poly(2-diethylaminoethyl acrylate) (PDEAEA) on a core of a poly(7t-butyl 
acrylate) (p(M-BuA)) copolymer. The relative softness (low Tg and low elastic modulus) of 
PDEAEA lowers the overall bulk properties of the copolymer. This puts it in the correct 
viscoelastic range for good adhesion, thus optimising adhesion energy. Various PDEAEA 
shell thicknesses are explored and their impact on the adhesive, tensile and bulk properties of 
the system are determined. Differences in the behaviour of systems with free oligomer (as 
opposed to those with it removed by centrifugation) are studied. A unique tubular bubble 
formation during probe-tack debonding is discovered when oligomers are present. This effect 
is studied and later induced in a model PSA via the addition o f a soluble oligomer phase to 
the formulation.
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7.1 Introduction
In this chapter, the properties of fihns made from a PBuA-based core polymer with a 
PDEAEA shell are reported. Particular attention is paid to the effect o f the soft PDEAEA 
shell, and the effect it has on the debonding mechanism of the PSA, which is advanced 
through the study o f residual oligomer present in the formulation.
As has been explained in Chapter 2, fibrillation is a key aspect of adhesive debonding. 
Probe-tack debonding ends when it is no longer energetically favourable for energy to be 
dissipated through fibrillation, and the fibrils detach from the probe. If the material is too 
liquid-like, there may some residue left on the probe which does not debond adhesively.
The adhesion energy achieved before fibril detachment is partly dependent on the 
surface energy of the probe; adhesive failure will occur at a lower strain (and stress) level 
from a low energy surface (such as polypropylene^®^) compared to a high energy surface such 
as stainless steel. It is generally found that debonding occurs at the sample-probe interface as 
the PSA has bonded well with the substrate. In the case of glass, a usual substrate for 
adhesive testing, the smooth, high energy surface ensures good wetting and contact between 
the glass and PSA, hence debonding occurs at the probe interface.
Others have reported that surface modification (e.g. plasma c l ea n i n g ^ o r  changing 
surface roughness^^^) affects the surface properties of glass^^^ and s t e e l . I n  the experiments 
presented here, careful preparation of both surfaces ensures continuity between experiments.
The use of core-shell morphology is known to be a useful method of achieving tune- 
ability o f a polymer system at the nanoscale, for example by using polymers with different Tg 
values in the core and shell. Core/shell formulations have been found to return improved 
adhesive properties over blending of the same materials.®^’^ ’^^ ^^ ’^ ^^  Havaux and co-workers 
reported how water resistance of a PSA was improved by the addition of a soft and highly 
hydrophobic vinyl ester monomer. The balance between adhesion and cohesion was also 
improved.
An oligomer is a short-chain molecule consisting of considerably fewer monomer 
chains than a polymer. Oligomers are usually an undesired side-product of a polymerisation, 
where some monomers fail to polymerise, due to factors such as imbalance of starter material 
concentrations or reactivities. They can have negative effects on the final qualities o f the
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m a t e r i a l / a n d  the potential to migrate from the material (for example, from plastics used for 
k i t ch e n w a r e^ L o w - M^  oligomers are generally expected to have low glass transition 
temperatures/^®’*^  ^Presence of unwanted oligomer can lower the overall Tg of the system and 
it is thus usually removed before use/^^ Residual monomer can generally be prevented by the 
use of a monomer chaser in the synthesis stage, or by adjusting synthesis conditions 
(including lowering temperature^®"^), but this can also have undesired effects on the polymer 
chain length and eventual material properties. In the event of residual oligomer remaining 
after synthesis, it can be removed by centrifugation.
It is not uncommon for additives, including short-chain oligomer species, to be added to 
commercial polymers as a means to lower interfacial tension. Oligomer migration to the 
interface between two polymers has been observed, reducing interfacial adhesion between the 
two.198’199 Hariharan et ah model the effects o f polydispersity on near-surface behaviour of 
polymer melts, and attribute surface segregation to molecular weight effects, citing entropie 
effects as to why shorter species migrate to the interface.^®®
Poly(butyl acrylate) is a well-known and often-used hydrophobic component of 
emulsion polymers suited for high tack adhesion. Most other examples in the literature of 
polymers used in PSAs are also hydrophobic, such as polyacrylates or polysiloxanes. 
However, there have been more recent examples o f hydrophilic polymers employed in PSAs. 
For instance, Wu et al. have developed a poly(ethylene glycol) hydrogel as a hydrophilic 
adhesive.^®  ^ There has also been a recent report of the development of a PSA from a 
polyelectrolyte complex containing a polybase of a copolymer of N,N-dimethylaminoethyl 
methacrylate with methyl methacrylate and butyl methacrylate (PDMAEMA-co- 
MMA/BMA).^®^ The authors propose the system as an example of a pH-responsive tuneable 
polymer system. It is notable that the materials they used were not initially designated as 
adhesives, but comply with the rules laid out for the properties of a good PSA.
The use of polyelectrolytes in PSAs is rare, and the present work extends the topic by 
demonstrating the use of a different polyelectrolyte, poly(2-diethylaminoethyl acrylate) 
(PDEAEA), as a component in a PSA. Lu et al. recently reported on the synthesis o f a self­
assembling 6-methyl-l,2-heptadiene-4-ol (PMHDO) and PDEAEA graft copolymer, but do 
not comment on its mechanical properties.^®^
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In this chapter, PDEAEA is incorporated in a core-shell PSA formulation effectively 
creating a soft-soft core-shell particle with a tuneable soft shell. Its mechanical and adhesive 
properties are reported. The effect o f residual DEAEA oligomer in the formulation is also 
shown.
7.2 Materials
7.2.1 Preparation of Core-Shell Particles with DEAEA-Rich Shells
“CSorig” latex was synthesised using semi-continuous emulsion polymerisation by 
collaborators at Cytec Surface Specialties and the University of Sheffield. The procedures 
listed here are simplified in line with a confidentiality agreement with Cytec. De-ionised 
water and 40 nm seed particles were added to a 2 L reactor equipped with a double-jacket 
heated at 83.0 °C. Separately, a pre-emulsion of monomer was prepared by adding de-ionised 
water, surfactants, a buffer and the monomers. The monomer mixture comprised n-butyl 
acrylate, acrylic acid, methyl methacrylate and ethyl acrylate. When the reactor temperature 
reached 83.0 °C, an aqueous solution o f sodium bicarbonate was added to the reactor. 
Simultaneously, half an aqueous solution of sodium persulfate and the first pre-emulsion were 
added over 2 hours.
Then, a second pre-emulsion was prepared containing de-ionised water and an aqueous 
solution containing a combination o f surfactants. Then the monomer mixture based on n-butyl 
acrylate, acrylic acid, methyl methacrylate, ethyl acrylate and 2,2’-diethylaminoethyl acrylate 
(DEAEA) was added. Then, the second half of the aqueous solution of initiator and the 
second pre-emulsion containing the DEAEA were added simultaneously to the reactor over 2 
hours. After complete addition of the pre-emulsion and the initiator solution, the reactor was 
cooled down to 60 °C and stirred at that temperature for an hour. Finally, two aqueous 
solutions containing monomer chasers were added simultaneously over an hour at 60 °C to 
minimise the presence of residual monomer. After complete addition of the pre-emulsion and 
the initiator solution, the reactor was allowed to cool to 20 °C and the latex dispersion was 
filtered to estimate its coagulum content and stored prior to use.
148
7. The Effect o f PDEAEA as a Core-Shell PSA Additive, Leading to a Unique Tubular Bubble Debonding
Mechanism
Each preparation was then adjusted to pH 5 using 1 M solutions of HCl in de-ionised 
water, added drop-wise, whilst measuring the pH using a bench-top pH meter (3345 Bench 
Ion Meter, Jenway, Staffordshire, UK) with an accuracy o f ± 0.1 pH.
7.2.2 Preparation of the PDEAEA Homopolymer
DEAEA was polymerised in bulk using ACCN as an oil soluble initiator. The PDEAEA 
homopolymer was precipitated in alkaline water to remove unreacted monomer and residual 
initiator. The precipitate was then centrifuged and the supernatant was discarded, leaving a 
highly viscous material. 25 g o f PDEAEA homopolymer was redispersed in de-ionised water 
in a beaker with a magnetic stirring bar for 2 hours at 30 °C. The final solids content of the 
PDEAEA dispersion was 50 wt. %.
7.2.3 Extraction of the Soluble Oligomers from the Core/Shell 
Particle Dispersions
To remove the oligomer, dispersions were put in a centrifuge (Avanti JE, Beckman 
Coulter) at 20,000 rpm for 2 hours. The supernatant was freeze-dried and stored away from 
direct light. It was later redispersed in de-ionised water in a beaker with a magnetic stirring 
bar for 2 hours at room temperature, reaching a final solids content of 50 wt. %. This was 
then blended drop-wise with the optimised PSA latex.
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7.3 Results
In the first section, the effect of increasing the weight firaction of the PDEAEA 
homopolymer in the shell of the P(BuA)-co-DEAEA core-shell copolymer particles on tack 
adhesion and bulk mechanical properties is considered. Differences are identified in the 
properties of the material before and after the removal of fi*ee oligomer in the formulation by 
centrifugation. An unusual debonding mechanism was observed in probe-tack tests in which 
the adhesive lifts off of the substrate directly under the probe contact. As the probe is drawn 
upwards, the adhesive at the circumference of the probe stays intact and in contact with the 
substrate, so that the polymer is drawn into a cylindrical shape. In the second section, the 
cause of the unique “tubular bubble” debonding effect observed in films made from material 
with a high concentration of PDEAEA is investigated. The oligomer deemed responsible for 
the bubble creation is isolated, and the debonding and bubble formation mechanism is 
discussed. In the third section, a small fraction of oligomer is added to an already-optimised 
PSA with the aim of re-creating the bubble effect. The tack adhesion and bulk mechanical 
properties of the modified adhesive compounds are analysed.
7.3.1 PDEAEA Homopolymer as a PSA Core-Shell Additive and 
the Effect of Shell Thickness on Adhesive Properties, and the 
Effect of Residual Oligomer
The core-shell PSA particles were prepared by a two-stage emulsion polymerisation, 
with the poly-nBuA-based core synthesised in the first stage, and the PDEAEA-containing 
shell produced in the second stage. The shell thickness was controlled by changing the weight 
fi*action of PDEAEA used in the formulation. The PDEAEA jfiaction ranges from 2 wt. % to 
10 wt. %. The characteristics of the resulting compositions are shown in Table 7.1. Particle 
diameter, PDI and solids content remain fairly constant despite an increasing amount of 
PDEAEA in the shell. Note that the molecular weight average, the dispersion viscosity and 
the pH all increase with the addition of PDEAEA. The pH of all samples was adjusted to 5 
(using IM HCl) before use.
The production of water-soluble oligomers is known to be a by-product of emulsion 
polymerisation. There have not been any studies regarding what effect the presence of 
residual oligomer has on a soft adhesive’s adhesion energy, which is potentially very 
sensitive to interfacial changes. However, there have been reports that remnant surfactant is
150
7. The Effect o f PDEAEA as a Core-Shell PSA Additive, Leading to a Unique Tubular Bubble Debonding
Mechanism
present on substrates after soft waterborne adhesives have debonded/®"^’^ ®^ The presence of 
surfactant at the “locus of failure” points toward a possible contribution o f surfactant in 
weakening adhesion at the interface. Hence, it was hypothesised that if  the oligomer was 
enriched at an interface, it would decrease the tack adhesion by creating a liquid-like 
interfacial layer that could not support stress. For the first experiments, a comparison will be 
made between the as-prepared PDEAEA latex, and those in which the residual oligomer was 
removed by centrifugation, henceforth called CSorig and CScent, respectively.
The PDEAEA homopolymer was measured as having a Tg of -61 °C, whilst the isolated 
DEAEA oligomer (extracted by centrifugation) has a slightly lower Tg of -66 °C. 
A lower Tg is expected due to the low-Mv oligomers. When in dry form, the extracted 
DEAEA oligomer has the physical characteristics o f a viscous liquid (due to its low Tg and 
low Mvv). The core-shell materials with 2-10 wt. % PDEAEA all have TgS o f around -34 °C, 
which is within the expected range for a P(BuA)-based latex, and is in the correct range 
stipulated for good adhesion.
Table 7.1. Characterisation o f core-shell polymer CSong with varying amounts o f PDEAEA in the shell
Amount
of
PDEAEA 
(wt. %)
Hydro-
dynamic
diameter®
(nm)
Weight-
average
diameter**
(nm)
Solids
content
(wt. %) (g/moi)
PDF Viscos­
ity"
(cPs)
Final
dispers­
ion
pH
Amount of of th« 
soluble soluble 
oligomer® oligomer 
(wt.%) (g/mol)
PDI ' of
soluble
oligomer
7^ *'* of 
the final 
dispers­
ion (°C)
0 270
(0.03)
260 49.4 58,240 2.10 350 5.2 1.39 610 1.02 -34
2.0 265
(0.02)
250 50 62,260 3.25 350 5.9 2.37 2,510 1.1 -34
4.0 265
(0.02)
260 48.1 87,930 3.68 370 6.2 3.3 2,810 1.1 -34
6.0 270
(0.03)
260 49.52 54,850 3.37 380 6.6 4.14 2,770 1.12 -34
8.0 260
(0.03)
250 48.02 84,460 3.57 420 6.9 4.88 2,840 1.13 -35
10.0 260
(0.02)
250 47.84 79,430 2.77 540 7.6 6.69 2,950 1.12 -35
Obtained by [a] dynamic light scattering at 25 °C, [b] Disc. Centrifuge Photosedimentometry (DCP), [c] THE 
GPC [d] Haake viscometer
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In Figure 7.1, the linear viscoelastic properties (as measured by dynamic mechanical 
analysis) of the original materials are presented. For CSorig (filled triangles), it is clear that the 
addition o f increasing PDEAEA in the particle shell results in a lowering o f the material’s 
storage modulus, E'. It drops from 0.51 MPa to 0.14 MPa when the PDEAEA increases from 
2 wt.% to 10 wt.%. At the same time, the copolymer becomes more dissipative of energy, as 
the loss modulus E" rises from 0.11 to 0.19 MPa. This result is expected from the low Tg 
(-61 °C), and hence softening properties of PDEAEA.
For application as a pressure-sensitive adhesive, the storage modulus is usually required 
to meet the Dahlquist criterion (which stipulates that £" < 0.3 MPa). Deplace et al}^ have also 
proposed that there should be a high ratio of loss tangent (tan â = E”/E ')  to storage modulus 
in order to have sufficient viscoelasticity for fibrillation rather than interfacial failure. With a 
steel probe (high interfacial energy) they proposed that tan^/£" > 1.5 x 10'  ^ Pa (assuming 
here that the shear modulus, G', is F73).
With just 2% of PDEAEA in the shell, E' is too high according to the Dahlquist 
criterion, and so a low tack adhesion is expected. But with increasing PDEAEA content, E' 
drops, and it is in the optimum range at between 4-6 wt.% PDEAEA. Tan^/£" also rises 
above the threshold proposed by Deplace et al. However, it is notable that E' is particularly 
low (ca. 0.1 MPa) with 10% PDEAEA, which causes the ratio of tan 0/ E' to rise, but without 
E' and E" being well balanced for good adhesive properties.
When the oligomer is removed from the materials, there is a significant rise in the 
modulus for CScent with 2 wt. % PDEAEA in the shell to E'= 0.81 MPa. The modulus also 
increases in CScent samples with other PDEAEA firactions up to 8 wt. %. This result shows 
that the residual oligomer had a softening effect, and CScent has more solid-like properties 
without it. The effect of oligomer removal is more pronounced at lower concentrations of 
PDEAEA, suggesting that at higher PDEAEA fractions, the low-Tg PDEAEA in the shell is 
itself the main cause o f the decrease in the storage modulus. At 10 wt. % PDEAEA in the 
shell, the modulus is very low for both CScent and CSorig. The lower E' leads to a particularly 
high value of tan ô/E ', which is associated with a higher adhesion energy, but E' and E" are 
not be well balanced for adhesion. The loss modulus (at small strains) seems largely 
unaffected by the removal o f the oligomer. The storage moduli for CScent meet the Dahlquist
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criterion at PDEAEA concentrations at 6 and 8 wt. %, and tan ô! E' is sufficiently high for the 
same materials.
(a)
A CSorig
□CScent
o 0.3
0)
8 10 12
% PDEAEA
(b)
Z5
E
A CSorig
4 6 8 10 12
% PDEAEA
(c)
A CSorig
ÛL 12
8 10 12
% PDEAEA
Figure 7.1. Storage modulus E ’, (b) loss modulus E ”, (c) tan J / E '  as a function o f increasing PDEAEA content, 
for materials before and after centrifugation.
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Next, the nonlinear viscoelasticity of the materials is considered. Figure 7.2 shows the 
large-strain deformation for the core-shell materials before and after the oligomer is removed. 
For both materials, as the PDEAEA composition in the shell increases in concentration, the 
maximum stress decreases. There is also an increase in the extension before failure. The 
analysis o f the nonlinear viscoelastic data is presented in Figure 7.3. With increasing 
PDEAEA content, CSorig shows a significant drop in energy dissipation during deformation 
(filled triangles. Figure 7.3b) and tensile strength (maximum stress achieved before failure. 
Figure 7.3a), coupled with an increase in the strain at failure (Figure 7.3c). This is consistent 
with the analysis of the dynamic modulus, which showed that increasing the PDEAEA 
content results in properties indicative of a softer material. Note an anomaly in the general 
trend found for both CSorig and CScent 8 wt. % PDEAEA materials. They extend to particularly 
large strains before failure, which, combined with the moderately high tensile strength, results 
in large energy dissipation overall.
The stress-strain curves for CScent (Figure 7.2b) are very similar to those for CSorig. 
CScent has marginally greater elongation properties. This does not correlate precisely with the 
modulus data, where CSeent had considerably higher values of E'. Under small strains, there 
are significant differences between the properties of CSorig and CScent. In these large-strain 
tests, the PDEAEA content strongly affects the properties, increasing the liquid-like 
behaviour of the material, whereas the effects of the oligomer are negligible.
It is postulated that the more sensitive DMA measurements pick up subtle differences in 
the film structure, affected by the oligomer, which are not seen in the large-strain tests. DMA 
tests are carried out at IHz, whereas tensile tests have a strain rate approximately an order of 
magnitude lower. This suggests the oligomer may be responsible for some slippage between 
particles at faster strain rates, although usually slippage is expected at lower strain rates where 
there is more time. In this case it appears the oligomer has less effect on the flow at low strain 
rates. It is clear that the increase in weight fraction of the PDEAEA strongly influences the 
large strain properties of both CSorig and CScent. An increase in the viscous component (seen 
in Figure 7.3b) enables greater elongation before tensile failure up to 8 wt. % PDEAEA. 
After this point, the materials become too liquid-like and no longer support stress. With 
10 wt. % PDEAEA neither has a high energy of deformation.
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Figure 7.2. (a) Representative large-strain tensile curves for (a) CSong (b) CScent at PDEAEA concentrations 
ranging between 2 wt. % and 10 wt. %
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Figure 7.3. Averaged values for (a) tensile strength, (b) energy dissipation and (c) strain at failure as a function 
o f PDEAEA concentration in the shell for CSong and CScent-
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Next, the adhesive properties are eonsidered, as measured by probe-taek experiments. 
The procedure follows the method outlined in Chapter 2. The probe-taek curve yields 
information on the extent of fibrillation (via the length of the plateau in the curves), the stress 
required to achieve fibrillation, the adhesion energy (from the area under the curve), and the 
failure mechanism: cohesive or adhesive {i.e. interfacial), via the slope of the drop at the end 
of the plateau.
For CSorig,with low PDEAEA content, good fibrillation and a high stress plateau are 
observed (Figure 7.5a). This is indicative of good adhesive properties. The abrupt drop in 
stress at high strain indicates adhesive debonding in which there is failure at the interface 
between the adhesive and the probe. As the PDEAEA fraction in the shell increases, the stress 
plateau lowers and initially the fibrils are strained further, agreeing with the lower modulus 
and large-strain tensile properties shown previously. A sloped tail is observed, indicative of 
liquid-like debonding from the probe (without strain-hardening that is found for lightly 
erosslinked networks). With 6 wt. % PDEAEA, some unusual debonding properties in CSorig 
begin to be observed. The tail o f the stress-strain curve has a stepped nature, signalling 
intermittent debonding between probe and sample. In the ease of 6 wt. % PDEAEA, this 
consistently happened at approximately a strain of 9. With 10 wt. % PDEAEA, a similar 
“stepped” debonding tail is observed, in this case with cohesive failure, i.e. leaving some 
residue on the probe. The gradual downward slope o f the stress plateau is indicative of the 
material’s properties being too liquid-like.
However, for CSorig with 8 wt. % PDEAEA, the sample continues to strain for 
significantly longer, maintaining a level plateau (indicating good viscoelastic properties) 
before displaying an abrupt drop to a tail at a strain of 16. The high adhesion energy found 
with 8 wt. % PDEAEA is an anomaly of the series. Upon closer inspection, it is found that for 
6 wt. % PDEAEA, the sample does indeed abruptly debond, and at 10 wt. % the debonding 
occurs abruptly when fibrils break at both the substrate and probe interfaces, leaving a residue 
on the probe.
At 8 wt. % CSorig, the abrupt tail observed in the stress-strain curve is in fact not the end 
of the story -  the fibrils debond not from the probe but from the substrate (see Figure 7.4a, ii- 
iv). The central fibrils remain attached to the probe but not to the substrate directly beneath 
the probe. At the eireumferenee of the probe, there is an outer ring remaining attached to both 
the substrate and the probe. As the probe continues to rise, PSA material from the edge o f the
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active region is drawn upwards, creating a tubular bubble, which continues to grow as the 
strain is increased (Figure 7.4c). This tubular bubble is drawn for approximately 1 centimetre 
before it finally disconnects at the probe interface and falls back to the substrate, where it 
appears like a deflated bubble. This is a highly unusual debonding mechanism.
The probe-taek results for the centrifuged material (without the oligomer in the aqueous 
phase) are significantly different. With low concentrations of PDEAEA (2 wt. %), the 
adhesive is too solid-like as can be observed in Figure 7.5b, in which there is a high 
maximum stress and plateau stress along with a short fibrillation plateau. This is explained by 
the higher elastic modulus (Figure 7.1a), and is also noticeable in large-strain tensile tests as 
having a high tensile strength (Figure 7.3a). As the PDEAEA concentration increases, the 
stress plateau lowers and the fibril extension increases linearly. The debonding tail becomes 
more downward sloping with increasing PDEAEA, indicating more liquid-like properties. 
Finally at 10 wt. % PDEAEA, there is a fiilly liquid-like response resulting in residual PSA 
left on the probe, which is a sign of cohesive failure and a poor adhesive performance. It is 
notable that the adhesion energy increases linearly (Figure 7.6a) with increasing PDEAEA 
content, and there is no anomaly or any evidence of debonding from the substrate as observed 
with CSorig. A trend is seen with increasing tan 3/ E' correlating with a higher adhesion energy 
(Figure 7.6b), with the exception of the anomalous CSorig 8wt. %, and 10 wt. %, where the 
material debonds from the substrate.
The probe-taek experiments for selected samples were repeated using a lower surface 
energy probe (polypropylene, PP). With a lower surface energy, there is a lower 
thermodynamic contribution to the adhesion energy. The interfacial strength between the 
probe and adhesive is expected to be weakened to a lower value than the energy between 
adhesive and substrate. When using a PP probe, less energy was required to debond from the 
probe (as observed in other studies^^). The tubular bubble did not form, and the fibrils 
debonded from the probe without leaving any residue (see Appendix, section 7.5.1, Figure 
7.16). This indicates that the effect seen is caused by each interface competing for the higher 
debonding energy -  in the ease of the high surface energy (steel) probe, the adhesion is 
stronger between the probe and fibrils than between the substrate and adhesive. Hence, the 
debonding occurs at the substrate interface. In the case of the PP probe, the probe/PSA 
adhesion energy is lower than substrate/PSA adhesion energy, and debonding occurs at this 
interface. Making some assumptions about the surface energy o f the core shell polymer.
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estimations of the thermodynamic work of adhesion show that whilst the thermodynamic 
work of adhesion, Wadh, between the polymer and glass or steel is approximately 90 mJ m‘", 
the work of adhesion drops by a third to approximately 60 mJ m'^ between the PSA and 
polypropylene (calculations are shown in Appendix, section 7.5.2). This estimation supports 
the findings that the PSA requires less energy to debond from the PP probe. Debonding at this 
interface is favoured over interfacial debonding with the substrate, hence bubble formation is 
inhibited. Since this is the case, it can be assumed that PP has a lower thermodynamic work 
of adhesion with the adhesive than the oligomer with the glass (or oligomer with the PSA).
Large strain deformation tests showed little difference between the original and 
centrifuged samples, with no unusual strain behaviour for samples with residual oligomer 
present. This indicates the factors affecting the debonding mechanism leading to the tubular 
bubble are not largely influencing the bulk properties, and are more likely caused by surface 
or interfacial effects of the adhesive films.
(a)
(c)
(b)
Figure 7.4. Photographs of probe-taek debonding of PSA with 8 wt. % PDEAEA in the shell, (a) When 
oligomer is present, bubble formation during debonding is observed, (b) After removal o f the oligomer, liquid­
like debonding (fibrillation with cohesive failure) is observed. The letters (i) through (v) identifying the 
photographs correspond to those on the probe-taek curves shown in Figure 7.5. (c) Full photograph o f the bubble 
from (a).
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Figure 7.5. Representative probe-taek curves for (a) CSong and (b) CScent over a range o f PDEAEA 
concentrations in the shell, from 2 wt. % up to 10 wt. %.
160
7. The Effect o f PDEAEA as a Core-Shell PSA Additive, Leading to a Unique Tuhular Bubble Debonding
Mechanism
(a) 500
B 300 0)
m
c  o
sz 
<
400 -
A CSorig 
□CScent
200
100 -
À
□
[]
□
□
' I I * « I I I ' ' I -I —I t < I _ t _t -
2 4 6 8 10
wt. % PDEAEA
(b)
600
500 -
400 -
B 
g 300
LU
I  200 0) sz
< 100
A CSorig 
□CScent
□
10%
□
10%
0.1 1 10 
tan 5/E'  (MPa*'')
100
Figure 7.6. (a) Mean adhesion energy with increasing concentrations o f PDEAEA in the shell for the original 
and centrifuged material, (b) Dependence o f the adhesion energy on the tan ô/E’ ratio for the original and 
centrifuged materials (log scale).
A mechanism in which the residual DEAEA oligomer in the original sample adsorbs 
at the glass-polymer interface during the drying phase is proposed. Figure 7.7a shows a 
hypothesised structure. In solution, the oligomer is dissolved in water and is presumed to be 
uniformly distributed between the polymer particles because of its solubility in water. When 
the latex is cast in a film, the oligomer could display surfaetant-like properties and adsorb at 
the interface with the glass s u b s t r a t e , t h u s  forming a viscous liquid layer below the PSA
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film. Furtheimore, the wet film is expected to dry from the air interface, so that the water 
level will recede from the surface over time.^ *^  As the oligomer is water soluble, it will stay in 
the water phase so that it increases in concentration along the substrate where the film dries 
last. The bubble formation is then attributed to the oligomer layer making it energetically 
favourable to debond from the glass, rather than the steel probe, because the oligomer cannot 
support stress and yields, resulting in cohesive failure with residue left on both surfaces.
(a.i) (adO (a.iii)
Air Interface
Oligomer Layer
Glass Substrate
(b.ii)
Film
O ligom er Layer
G lass S ubstrate Glass Substrate
Figure 7.7. (a) Schematic diagrams of particle structure leading to formation o f oligomer layer (b) Illustrations 
of debonding mechanism for (i) normal film and (ii) film with residual oligomer layer.
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As detailed above, estimations (see calculations in the Appendix, section 7.5.2) show 
that there are similar values for the thermodynamic work o f adhesion between both PSA-glass 
and PSA-steel probe. In the normal case, it is energetically favourable to debond from the 
probe, which has only been in contact with the adhesive for a short time. This may not be the 
case if  the residual oligomer is considered to be in contact with the glass substrate, and 
interfacial failure occurs between the oligomer and the glass substrate (as observed 
experimentally). The oligomer is liquid-like and does not support stress, and hence debonding 
occurs at the polymer-glass interface.
The contact mechanics between flat and spherical probes and thin adhesive films have 
been studied in depth.^^’^  ^ It has been shown that for an isotropic polymer system, the stress 
on the fibrils being pulled up by the probe is equal across the contact area i.e. no lower stress 
occurs at the edge o f the contact area.^^ However, in recent finite-element modelling it has 
been seen that stress is lowered by a factor o f two around the circumference of the probe-fihn 
contact area.^®  ^The unusual presence o f the oligomer at the substrate interface could result in 
the fibrils detaching at only the central points of the contact area which are subject to the 
higher stress, while the lower-stress regions at the contact edge result in the PSA being drawn 
in and up from the outside edge of the contact area (as illustrated in Figure 7.7b.li). While the 
PSA debonds from the oligomer layer in the centre o f the contact region, it remains connected 
to both substrate and probe at the circumference of the contact region. The slow movement of 
the probe away from the sample allows the soft dissipative polymer to continue to be drawn 
in from outside the contact area. It is continually pulled upward and results in a tubular 
bubble. No oligomer layer forms in the centrifuged sample, thus the film does not debond 
from the glass.
To summarise, it was noted that the effect o f the oligomer is noticeable on the dynamic 
mechanical properties at small strains, with the elastic modulus of the CSorig being lower than 
CScent at all weight fractions of PDEAEA. The dissipative properties seem less susceptible to 
the oligomer. The steadily lowering loss modulus with increasing PDEAEA fraction is 
thought to be due to the PDEAEA rather than the oligomer. In large strain tests, the 
differences between the sample with and without oligomer were less noticeable, suggesting 
the oligomer effect (within the bulk of the material) is limited to small-strain effects on the 
modulus, but not on large strain properties. In thin films, the mechanics are different. There 
are obvious differences in the debonding profiles of CSorig and CScent- The core-shell particle
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dispersion is spread thinly on to a glass plate, in which case samples with oligomer behave 
noticeably differently to those without.
With 8 wt. % PDEAEA content in the shell, the formation of a tubular bubble prior to 
debonding is observed. It is postulated that this effect is caused by residual PDEAEA, as low 
molecular weight oligomer. It remains dissolved in the aqueous dispersion but moves to the 
substrate interface during the drying phase. It creates an interface which is weaker than the 
probe/PSA interface. The interfacial characteristics of these films are now discussed.
7.3.2 The Cause of the Tubular Bubble Formation: Residual 
Oligomer
The film surface was visually inspected after the tubular debonding. A circular hole in 
the surface was seen where the film had been lifted from the substrate to reveal the glass 
substrate (as illustrated in Figure 7.8a). Within the hole, the residual layer is visible as a faint 
sheen with the appearance of a viscous liquid. The centrifuged PSA films were intact after 
debonding (Figure 7.8b).
ToF-SIMS analysis was used to quantify the presence of the original copolymer at 
different locations on the CSong and CScent films (as well as a plain glass reference), 
comparing the amount of PDEAEA found. ToF-SIMS has been used previously to 
demonstrate the chemical constituent properties of polymer surfaces, and the technique used 
here follows a similar technique to that shown elsewhere.
Data for both positive and negative ion spectra were collected for the following 
samples (seen in Figure 7.8):
a) CSorig, 8 % DEAEA
i) on the film surface
ii) on the revealed glass (or residue) beneath the probe-taek debonding spot
b) CScent, 8 % DEAEA
i) on the film surface
ii) on the glass substrate after the film was peeled off (using tape).
c) Clean glass substrate as a reference
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(a)
orig
(b)
cent
(C)
G lass Ref
Figure 7.8. Diagrams showing the positions of ToF-SIMS analysis on each sample. (Note that position (b)ii 
refers to a peeled-back region of the film)
The negative ion spectra for the film surfaces of CSorig and CScent with 8 wt. % 
PDEAEA are shown in Figure 7.9, whereas the spectra for the revealed surfaces on the glass 
substrates are shown in Figure 7.10. The positive ion spectra did not show as many unique 
identifying peaks for the core-shell polymers, so they are not discussed in this analysis.
Comparisons were made between the spectra observed for CSorig and CScent at the film 
surface and the revealed substrate. The presence of DEAEA oligomer was determined by 
comparing relative peak intensities (RPI) of characteristic PDEAEA peaks at each location.
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The original PSA was identified by characteristic peaks from PnBuA, PAA, PMMA 
and PEA by comparison to reference spectra obtained from the l i t e r a t u r e . Th e  spectra for 
PDEAEA were obtained experimentally from the homopolymer sample. Table 7.2 lists the 
unique peaks in the negative ion spectrum for the four homopolymers. PnBuA has unique 
peaks at 81, 155, and 167u. PAA has unique peaks at 111 and 143 u. PMMA has unique 
peaks at 85, 141 and 285 u. PEA has unique peaks in at 127, and 139 u.
PDEAEA was identified as having peaks in the negative ToF-SIMS spectra at 71, 97, 
115, 213, 241, 405 u. O f these, 213 and 405 are unique to PDEAEA, whereas the other peaks 
are also found in the other polymers.
Table 7.2. Significant peaks in the negative ion spectrum for homopolymers present in the CS samples. Unique 
peaks are in italics.
Homopolymer Peaks (unique) (u)
nBuA 11,81, 115,755, 167
PAA 71, 97, 111, 143
PMMA g5, 747,185,241, 2g5
PEA 7 1 ,127,139, 185
PDEAEA 4 1 ,7 1 ,97 ,115 ,275 , 241, 405
The summed relative peak intensities (RPI) are shown for each homopolymer, and for 
each sample, in Table 7.3. Comparisons are first made for the negative ion spectra between 
30 - 320 u for the film surfaces o f CSong and CScent with 8 wt. % PDEAEA (presented in 
Figure 7.9).
The RPIs of the elements of the base PSA are similar for both samples, with high 
relative intensities of nBuA, PMMA and PEA for both. This indicates their presence on the 
film surface, as expected. An exception is that a low PAA intensity is seen for the centrifuged 
sample compared to the original. This difference implies that PAA is free in the serum phase 
and is removed by centrifugation.
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Both samples also have relatively high PDEAEA intensities on the film surface. The 
characteristic PDEAEA peaks were observed for both CSong and CScent- This is expected for 
material in the particle shell. This result means core-shell particles are intact. The peaks for 
PDEAEA are of lower intensities than the other homopolymers, which is due to its lower 
concentration (8 wt. %) in the material.
Figure 7.10 shows the negative ion spectra between 30- 320 u for the revealed layer left 
behind on the glass substrate after each of the adhesives were removed. The spectra for pure 
oligomer, and the glass reference sample are also shown.
The PDEAEA peaks are seen most strongly on the revealed glass substrate of the CSorig 
with an RPI of 8.9 x 10 which is greater than all o f the other homopolymers (except for 
PnBuA). In contrast, the values for the characteristic PDEAEA peaks on the revealed glass 
beneath CScent are much lower, with an RPI of 0.8 x 10'^. A similar RPI (value of 1.0 x 10'^) 
is found for the glass reference, which indicates that this low RPI can be attributed to organic 
contamination. It is concluded that there are a considerable amount of DEAEA oligomer 
molecules adsorbed on the glass substrate beneath the adhesive film for the CSorig sample. 
After centrifugation, the DEAEA oligomer is removed, and thus is not found at the glass 
interface. This finding supports the hypothesis that an oligomer layer contributes to the 
formation o f a tubular bubble during the debonding o f CSorig. After centrifugation, CScent does 
not have a residual layer of DEAEA oligomer at the surface. This is reflected in the low RPI 
for DEAEA on the revealed glass for this sample.
Table 7.3. Relative peak intensities o f characteristic PAA, BuA and PDEAEA ion peaks
Homopolymer
Summed RPI (10 ) for Surface Type and Position
CSorig
(a. i.)
CSorig
(a.i i.)
CScent 
(b. i.)
CScent 
(b. ii.)
Glass Ref. 
(c.)
n(BuA) 75.2 ±3.1 54.3 ± 2 .8 87.6 ±  3.3 42.9 ± 2 .6 3.9 ± 1 .2
P(AA) 11.5± 1.9 0.7 ± 0.2 4.3 ±  0.9 6.9 ± 1 .2 3.4 ± 1.1
P(MMA) 29.0 ±2.1 5.6 ± 1 .2 38.6 ± 3.0 17.4 ±2.1 3.1 ± 1.3
P(EA) 17.9 ±1 .5 0.8 ± 0.2 21.8 ± 2 .7 11.3 ± 1.6 2.5 ± 1.1
PDEAEA 6.3 ± 1 .2 8.9 ± 1.6 6.6 ±1.3 0.8 ± 0.4 1.0 ± 0 .7
Position o f Measurement on Film (as shown in Figure 7.8): Original sample: (a.i) Film Surface (a.ii) Revealed 
Surface (b.i) Film Surface. Centrifued Sample: (b.ii) Revealed Surface. Glass Reference: (c) Unmodified Surface
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Figure 7.9. Negative Ion Spectra for the film surface o f (a) CSong and (b) CScent shown for mass regions 30-90, 
90-190, and 190-320 amu.
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Figure 7.10. Negative ion spectra for the substrate interface o f (a) CSong , (b) CScent, (c) cleaned glass reference 
and (d) the pure oligomer shown for mass regions 30-90, 90-190, and 190-320 amu. [Continued overleaf]
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Figure 7.10. [Continued] Negative ion spectra for the substrate interface o f (a) CSong, (b) CScent, (c) cleaned 
glass reference and (d) the pure oligomer shown for mass regions 30-90, 90-190, and 190-320 amu.
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7.3.3 Imparting Novel Debonding Properties on a Model PSA
This section tests the hypothesis that oligomer, when present in (or added to) a PSA 
formulation, will migrate to the substrate interface during fihn formation and affect the 
debonding properties. The PDEAEA residual oligomer, centrifuged from CSong (8% 
PDEAEA), was re-hydrated to 50 wt. % solids with D.I. water. It was then added drop-wise 
to a standard “benchmark” PSA formulation (referred to as BM). Note that the BM latex was 
already optimised to achieve a high adhesion energy. The blend of BM with added oligomer 
is henceforth called BMoHg.
It is found that the oligomer acts to soften the BM PSA’s properties. This was also the 
case for the core-shell materials (see section 7.3.1). Addition of oligomer results in a 
reduction of the storage modulus of BM from 0.36 MPa (near the maximum recommended by 
Dahlquist’s criterion for good adhesion) to 0.14 MPa with 12 wt. % oligomer (Figure 7.11a). 
The ratio of tan S/E ' increases strongly when more oligomer is added to the BM material 
(Figure 7.11c). There is a strong increase in the viscous, dissipative component (Figure 
7.11b).
The addition of oligomer similarly has an influence on the non-linear viscoelasticity 
studied using large-strain tests. Figure 7.12a shows representative stress/strain curves. The 
addition of oligomer has a marked effect on the tensile properties of the BM. There is a 
weakening and softening of the material as oligomer is added. Tensile strength drops from 0.2 
to 0.05 MPa, and energy dissipation drops from 210 to 50 J m'^, when the oligomer is 
increased from 0 wt. % to 12 wt. % (Figure 7.12b). In this series of blends, the maximum 
stress achieved drops substantially, and strain at failure decreases, as the oligomer content 
increases. This result can be explained by a weakening of the particle/particle boundaries. If 
the liquid-like oligomer is isolated at these boundaries, it is expected to prevent particle 
coalescence, limiting the development o f strength. Furthermore, a thin liquid-like interfacial 
layer allows particles to slide past each other so that the material strains greatly at low applied 
stress.
In the analysis of the core-shell system, differences in the behaviour of the large- and 
small-strain properties are attributed to the increasing copolymerised PDEAEA fraction 
alongside the oligomer. In this case, the only variable is the DEAEA oligomer content. It is 
able to have a large impact on both the large and small strain properties, lowering both the
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Storage modulus and the tensile strength. (Note that a higher concentration of DEAEA is used 
in this system, with the fraction taken on the total weight rather than just the shell.)
(a)
(b)
(c)
- i  0.25
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Figure 7.11. Linear viscoelastic properties o f benchmark adhesive with added DEAEA oligomer (BMoUg). 
(a) Storage modulus, (b) loss modulus and (c) ratio o f tan 6/E ’ for BMoUg with varying oligomer content.
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Figure 7.12. Influence o f DEAEA on the large-strain tensile properties o f the benchmark PSA as a function o f 
wt. % oligomer on the polymer, (a) Stress-strain curves taken at a strain o f 1 mm s'* and (b) the tensile strength 
and energy o f deformation for the BMoUg series.
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The same BMoiig blends were cast as films for probe-taek adhesive testmg. The 
representative probe-taek curve in Figure 7.13a reveals that the BM PSA has excellent 
adhesive properties; it has a high stress plateau, long fibril extension, strain hardening and a 
relatively clean detachment from the probe. It was found that as the post-added oligomer 
concentration increases, the adhesive qualities become poorer. With 8 wt. % oligomer, BMoiig 
no longer has the rise in stress at the end of the fibrillation plateau, which indicates the loss of 
strain hardening behaviour. As the oligomer content increases, the fibrillation plateau slopes 
downward more strongly, and the fibril extension becomes shorter, with more liquid-like 
detachment from the probe. With 10 wt. % added oligomer, there are signs of intermittent 
debonding (or slippage) in that there are sudden drops in the stress plateau, likely caused by 
some fibril detachment from the substrate (or more correctly, from the oligomer layer). There 
is a steady decrease in the adhesion energy with an increase in the DEAEA oligomer 
concentration (Figure 7.15a). In this system, the oligomer contributes toward several 
detrimental effects on the bulk mechanical properties: a lowering of the storage modulus, an 
overly strong liquid-like energy dissipation, a loss of strength, and reduction in the extension 
before failure. Unlike the core-shell formulation with PDEAEA, the BM PSA latex has a 
negative correlation between the tack adhesion energy and tan 3 /E' (Figure 7.15b). Since the 
BM material is aheady optimised for PSA performance, the oligomer softens the PSA 
resulting in a drop in storage modulus and large increase in dissipative properties (loss 
modulus). This results in an unusually large tan 3 (equal to E'VE'). In this case the loss ratio 
is not a good predicator of adhesive qualities. The same softened materials display poor tack 
adhesion.
Figure 7.14 shows photographs of the PSA at various stages o f the debonding process, 
as identified by the letters on the probe-taek curves. For the BM sample, fibrillation is seen. 
There is adhesive failure via detachment of fibrils from the steel probe. In the BM with 
10 wt. % oligomer, near the end of the debonding process, the central fibrils detach from the 
substrate, as was seen previously in CSong with 8% PDEAEA. The outer circumference o f the 
probe contact area continues to be drawn upward by the probe, which results in the formation 
of a tubular bubble very similar to that seen previously with CSorig. The bubble extended 
approximately 8 mm before detaching from the probe, and falling back to the substrate, where 
the bubble collapsed. At the contact area, it was clear the PSA film had been lifted from the 
glass substrate leaving a hole in the film. Observation of this debonding mechanism suggests 
that some oligomer adsorbs at the substrate interface during the drying phase.
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Figure 7.13. (a) Representative probe-taek curves for BM blended with 8, 10 and 12 wt. % oligomer (BMoüg).
2mm2mm
Figure 7.14.Photographs of the debonding process for (a) the BM PSA and (b) the BM PSA blended with 
10 wt. % oligomer (BMo^g).
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Figure 7.15. (a) Average adhesion energy dependence on DEAEA oligomer content, (b) Adhesion energy as a 
function o f tan ô/E ’
In summary, it was found that the addition of water-soluble oligomer to a standard 
waterborne PSA can induce the previously observed tubular bubble debonding mechanism. 
The oligomer acts on the bulk material as a softening component, and with increasing 
DEAEA oligomer content, the storage modulus of BMoUg decreases. Tensile strength also 
drops. However, some tack adhesion is maintained. Adsorption o f the oligomer at the 
substrate interface during the drying phase lowers the adhesive bond between the substrate 
and polymer resulting in the formation of a tubular bubble during debonding.
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7.4 Conclusions
The adhesive and mechanical properties of a new adhesive formulation comprising a 
PBuA-based core with a PDEAEA-rieh shell have been studied. It was found that as the 
PDEAEA fraction in the core rose from 2 to 10 wt. %, the elastic modulus dropped from 
0.51 MPa to 0.14 MPa. This is explained by the low Tg o f the PDEAEA component. The 
PDEAEA is also found to lower the tensile strength o f the materials. Furthermore, when 
residual oligomer was removed (by centrifugation) from the formulation, the modulus rose, 
and a more solid-like debonding profile was observed. The oligomer has a lower Tg than the 
PDEAEA, and imparts yet softer properties. It was also found that at higher PDEAEA 
concentrations, the PSA exhibited an unusual tubular debonding mechanism. This was not 
observed when the oligomer was removed.
The tubular debonding was explained by the presence o f an oligomer layer at the glass 
substrate- PSA interface. Its existence was confirmed by ToF-SIMS analysis. The liquid-like 
oligomer cannot support stress, hence debonding occurs at the glass interface.
It was then found that the addition o f the same water-soluble oligomer to a model 
waterborne PSA can induce the tubular bubble debonding mechanism. Initially, as the 
oligomer fraction is increased, E' drops to approximately half the initial value and the probe- 
tack debonding becomes more liquid-like, and adhesion energy was reduced by a factor o f 3. 
As was seen in the eore-shell materials, adsorption of the oligomer at the substrate interface 
during the drying phase lowers the adhesive bond between the substrate and polymer, 
resulting in induced tubular debonding.
It is noted that when the tubular bubble was observed, both CSorig and BMoiig had low 
(> 0.2 MPa) elastic moduli and raised loss moduli, confirming the oligomer acts on the bulk 
mechanical properties as well as at the interface. This, in conjunction with the presence o f the 
oligomer layer, results in a delicate balance of a weak interface and a soft, dissipative PSA 
which allows the PSA’s central fibrils to detach during probe-taek debonding, but remain 
attached at the edge of the contact area being drawn into a tubular bubble.
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7.5 Appendix
7.5.1 Probe-Tack Results with a Polypropylene Probe
* steel Probe 
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87,
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Figure 7.16. Representative probe-tack curves for CSorig using either a polypropylene or steel probe, with 
debonding pictures h orn the PP probe for 6 wt. % and 8 wt. % DEAEA in the shell. Inset: comparison o f the 
average adhesion energy for the probe-tack curves shown.
7.5.2. Interfacial Energy of Substrate-Adhesive and Adhesive- 
Probe
Here, an estimation for the difference in thermodynamic work of adhesion between the 
adhesive and either glass, steel or polypropylene (PP) is presented, in order to justify the 
assumption that the adhesive will require less work to debond from the PP probe.
Although PBuA is the main constituent of the PSA used in these experiments, a key 
factor in estimating the surface energy lies in the polarity of the PSA. PBuA is not highly 
polar, and the PSA attains more of its polarity from PAA and PDEAEA. It is possible the 
PSA may have a surface energy closer in value to PMAA, which has properties similar to 
AA, and a higher polarity. (Surface energy values for PAA were not available.) In the 
estimations below, calculations for both PBuA and PMAA are shown.
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Table 7.4. Dispersive, polar and total surfaee energies
Surface (mJ m-2) (mJ m-2) Ys (mJ m'2)
Untreated Glass 21.9 37.1 59.0
Untreated Stainless SteeP^° 31.0 2Z3 5 3 j
PBuA^o* 2&8 3.9 30.7
PMAA (poly methacrylic acid)^°^ 2^7 10.3 40.0
Polypropylene 26.7 0.3 27.0
Interfacial energy can be calculated from the dispersive (d) and polar (p) surface energy 
components of the two phases at the interface; the substrate js and adhesive
Yas =  -  ( r / ) ^ ]  [7 1]
Using the values in Table 7.4, the interfacial energies between the PSA polymers and 
glass (substrate), and the PSA polymers and stainless steel (probe) are as follows:
yPMAA-Glass "  8.9 m J m ^  yPBUA-Glass = 17.2 mJ m^
yPM AA-Steel = 2.3 mJ m  ^ yPBUA-Glass = 7.7 mJ m ^
Hence, the interfacial energy between the adhesive and glass substrate is more than 
double that between the steel probe and adhesive for both the highly polar PMAA and the less 
polar PBuA.
The thermodynamic work of adhesion (work required to separate the two surfaees) can 
be caleulated by taking the differenee between the interfacial energy and the individual 
surface energies of the two (de)bonded surfaces, using the following equation:
Wadh = Y a + Y s ~  Yas [7.2]
If the surface energy of the two surfaces is greater than the interfacial energy between 
them, then adhesion is favourable. The work of adhesion between adhesive-glass (substrate), 
and adhesive-stainless steel (probe) are thus:
fFpM AA-giass = 90.1 mJ m'^ IFpBuA-giass = 72.5 mJ m'^
ffpM A A -steel = 90.9 mJ m'^ IFpBuA-steel = 76.2 mJ m'^
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With this approximation, the work of adhesion between steel or glass and the adhesive 
is approximately equal for both polymers. Experimentally, debonding is usually seen from the 
probe, but other factors are involved (and many assumptions have been made here; using 
literature values for surface energies, and not accounting for surface roughness or 
polarisation). This calculation highlights how closely balaneed the adhesion forces between 
the two are.
These calculations can be repeated for the case of a PP probe:
Y p m a a -p p  = 7.16 mJ m'^ YpbuA-pp = 2.04 mJm'^
WpMAA-pp = 59.8 mJ m"  ^ W p b u A -p p  = 55.7 mJ m"^
In this case, the thermodynamie work o f adhesion for both polymers is found to be 
considerably lower (by a third) when using the polypropylene probe, which helps explain 
why debonding from PP is seen at lower strains than from steel.
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Chapter 8
Summary, Conclusions and Fnture Work
This thesis has foeused on the relationship between the adhesive properties of latex 
materials and their surface and bulk mechanieal eharacteristics. Chapter 4 presented a strategy 
to switch off the tack adhesion in a model nanocomposite adhesive, resulting in an optimised 
initial adhesive nanocomposite adhesive which could be made non-tacky via heating above 
the high-Tg of the hard phase. This idea was expanded in Chapter 5, where the meehanism 
was improved to enable a faster switch-off of adhesion, and furthermore facilitated patterned 
adhesive surfaces. In Chapter 6, the pH-sensitive properties of PAA were exploited to tune 
the properties of too-soft materials, optimising them for adhesion. In Chapter 7, a residual 
oligomer-induced unique debonding mechanism was discovered, and then employed to 
reereate the debonding phenomenon in a model adhesive.
In this final chapter, results are summarised and eonclusions are drawn, with reflections 
on possible implications of, and improvements to, the eurrent study. The potentials for 
expansion and further work are proposed.
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8.1 Optimising and Switching off Tack Adhesion Using a 
Nanocomposite PSA via Sintering
8.1.1 Summary and Conclusions
Chapter 4 presented a strategy to switch off the taek adhesion in a model 
nanocomposite adhesive. A hard nanoparticle was added to a soft PSA latex to optimise the 
initial adhesive properties. Then the adhesion was signifieantly redueed so as to switch-off 
adhesion, via sintering above the Tg o f the nanoparticle.
At relatively low volume fractions, the hard polymethacrylic nanoparticles (50 nm 
diameter) accumulate near the film surface, where they pack around the larger soft PSA 
partieles (270 nm). The viscoelasticity of the nanoeomposite is adjusted via the nanoparticle 
concentration. By adding them to a soft copolymer latex, the viscoelastie properties were 
tuned for adhesion. At optimal PSA-nanopartiele ratios, tack adhesion energy increased to 
more than 200% of its initial value.
When the optimised nanocomposites are heated above the glass transition temperature 
of the nanopartiele phase {Tg = 130 °C), they sinter together to create a reinforcing structure, 
which switches off adhesion and reduces the tack energy by 90%. This was initially done by 
heating the nanoeomposite adhesives for 30 minutes in a eonvection oven at a temperature 
that is approximately 10 °C above the Tg o f the nanoparticles. The process was later improved 
using IR radiation. The tack adhesion energy was signifieantly redueed after heating for times 
as short as 30 seconds, which is faster than previous reports for photo-initiated crosslinking 
switches.
The loss of the tack adhesion energy after sintering is explained by an increase in the 
elastic modulus at the film surface. The hard nanoparticles are concentrated in the near­
surface region, possibly because of capillary-driven flow. Consequently, an NP firaetion 
below the theoretical percolation threshold of the bulk material can be used. Compared to 
adhesive systems that rely on melting transitions or erosslinking reaetions, the switchable 
nanoeomposite simply uses conventional colloidal particles, whieh is likely to be much more 
cost-effective.
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8.1.2 Remarks and Further Work
Explaining Anisotropy: An interesting requirement for this sintering process is that 
there must be a high enough quantity of nanopartieles in order to form a percolating network, 
but not so mueh as to over-harden the material to the extent o f a non-adhesive coating-like 
material. In this study, the issue is circumvented thanks to the anisotropy in the 
nanoeomposite. That is, the faet that the smaller nanopartiele phase locates towards the 
surface of the film during the drying stage, which is attributed to capillary driven flow, and 
thus is not as coneentrated in the bulk. This anisotropy not only facilitates the switch-off of 
adhesion (without it, the initial film would likely be too solid-like to function as an adhesive), 
but also provides an ideal two-phase nanoeomposite with different properties at the surface 
and substrate interfaces. This is ideal for an adhesive that needs to remain adhered to one 
substrate whilst debonding from the other.
This work uses a geometrical model to explore the stratifieation within the 
nanoeomposite films. Whilst the model gives a good idea of the volume fraction of particles 
required to create a percolating network within the stratified film, it does not go as far as to 
fully explain this process. As a continuation o f this work, further study into this anisotropy 
and its cause could be implemented. Factors such as the density of small and large partiele 
phases, as well as variation o f particle size ratios and polydispersity could be eonsidered.
The capillary mechanism proposed by Luo et al. requires paeking of the large particles 
at the top of the film in order to create the capillaries for the smaller particles to be drawn up 
through. At slower evaporation rates, there would be less large-particle paeking at the surface, 
and hence the NPs might not be drawn upward. Further investigation is required.
During the experimental research for this chapter, the author went to great lengths to try 
to characterise the anisotropy. Cross-sectional AFM analysis was employed to show the lack 
of nanoparticles in the bulk of the film. However, this technique was not suitable to provide a 
full “map” o f the properties, and location of nanoparticles, throughout the depth of the 
sample. The author also employed GARField (Gradient-At-Right-angles-to-Field), a novel 
NMR magnet developed for thin film analysis, but the resolution (micrometre scale) was not 
sufficient to view the nanopartiele arrangement within the 100 pm films.
Other experimentalists have employed the technique of nanoindentation to create 3D 
maps o f a material’s properties.^^^’^ "^^  The nanoindenter uses a microscopically small tip to
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measure the properties of a sample as the indenter is pushed through the depth o f the sample. 
The nanoindenter can record data including the hardness, yield strength and the elastic 
modulus of a material at nanometre resolution. Gaining information on the modulus 
throughout the depth o f the film would essentially give the location o f all the nanopartieles in 
the film, which in turn would aid the explanation of the anisotropy observed.
Variation o f  blend composition: It is postulated that this switching mechanism does not 
require special polymer chain architecture or composition; it is applicable to any glassy 
polymer. This has been demonstrated by the fact that in the following chapter, a different hard 
nanopartiele is used with the same effect. There is a strong likelihood that many other types 
of small hard particles would have a similar effect (as part of an optimised system). This may 
open up new possibilities; for example, using a higher Tg nanopartiele phase could allow 
higher resilience to temperature effeets, and the switehing technique may function with a 
softer initial PSA. It may also further improve mechanical properties and inerease shear 
resistance. A lower Tg nanopartiele phase may allow faster switehing times, and possibilities 
for switching at lower temperatures. For example, an adhesive that remains active whilst at 
room temperature, but the switch-off is activated at body temperature is coneeivable. This 
may have applications in medical b a n d a g e s . A s  noted in the chapter conclusions, there is a 
note of caution when exposing such adhesive polymer nanoeomposites to elevated 
temperatures, espeeially if  using a lower Tg “hard” phase, sinee adhesive switch-off could 
well occur unintentionally.
As mentioned above, the capillary-driven stratification o f nanopartieles at the film 
surface is caused by the initial arrangement of large particles near the surface, creating 
capillaries through which the smaller nanopartieles are drawn up. Varying either (or both) the 
large-soft or small-hard particle size will affeet the fimctioning of the capillary action, and 
may lead to more or less stratification and further implications to the switching ability. In 
conjunction with the expansion of the particle packing model suggested above, further 
experiments looking at a variety of polymer blends (with varying sizes, Tg^  density, surface 
properties), and an improved technique to observe the partiele positions (such as 
nanoindentation, suggested above) would help progress towards a better experimental and 
theoretical understanding of this system.
Sintering Mechanism: From this work, it is elear that just a short period o f time (30 
seconds) is sufficient to alter the meehanical and adhesive properties of the nanoeomposite
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films. However, it is unclear as to what happens as heat is applied, and how long exaetly it 
takes for the material to be sufficiently sintered in order to switch the properties, or what the 
transitional stages undergone by the particles leading to their sintering and in some cases 
surface restructuring.
In Chapter 4, an experiment was performed where films were sintered for times ranging 
from 10 seconds to 1 minute under IR radiation, and the effect only on tack adhesion was 
examined (Figure 4.21, page 81). Interesting results were observed where for fihns sintered 
for between 10-25 seconds, the tack adhesion energy drops gradually, but after 30 seconds the 
adhesion energy drops significantly. At this point adhesion is considered switehed off. This 
suggests that there is a quantifiable timescale for the properties to be sufficiently sintered so 
as to switch off, and a large change occurs within 5 seconds. It is also interesting to note that 
after longer times, some fibrillation is seen, suggesting frirther restructuring of the hard and 
soft phase, and a dominance of the softer phase leading to retention of some tack adhesion.
Experiments to observe the mechanical and surface properties of the nanoeomposite 
fihns after different amounts o f sintering time would reveal the nature of the sintering 
mechanism. It would be interesting to document the effect on mechanical and surface 
properties at different stages of sintering, from very short times to times longer than necessary 
to switch off the adhesive properties.
In Chapter 5, the time dependence o f a polymer’s viscosity is discussed, and a simple 
model is used to estimate the eharacteristic time for the nanopartieles to sinter (equations 5.1 
and 5.2), making assumptions about viseosity, temperature and surface energies. It was found 
that estimating initial temperature to be 100 °C, and given the size and Tg o f the 
nanopartieles, the time required to sinter is on the order of 10 seeonds. This supports the 
experimental findings that the nanopartieles sinter in 30 s. However, under the IR lamp, 
temperature ramps quickly from room temperature to approximately 180 °C (depending on 
the emitter height). It would be interesting to characterise the temperature under the lamp as a 
function of time, and at distances from the sample. It should be possible to use these findings 
in conjunction with a model which more accurately estimates the eharaeteristie sintering time 
for a given particle size and Tg. This would help the understanding of the time required to 
switch adhesion, and perhaps indicate exactly how long is required in order to sinter 
nanopartieles together, improving the efficieney of the experiments. Equation 5.2 defines a 
characteristic sintering time t=î]R/y, in which the viseosity 77 is estimated from the WLF
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equation. In fact, the viscosity is changing dynamically as a fimction o f temperature rj(T), and 
temperature is in turn changing as a function of time, so the eharaeteristie sintering time can 
be remodelled as a funetion of îj(t). (The author is currently working with a project student to 
develop models for the sintering behaviour based on similar nanoeomposite systems.)
Hard Coatings'. The work in this ehapter emphasises the switch-off of adhesion. It is 
prudent to note that in eaeh case, when the nanoeomposite is demonstrated to switch-off its 
adhesive properties, a hard coating is created. Whilst in this work the materials have been 
tuned to be adhesives that switch-off, another possible application is that of a material that 
begins as an adhesive coating that can adhere to diffieult surfaces, and is transformed via the 
sintering process to a hard coating. There is a large scope for research into the possibility of 
forming these hard coatings, and analysing more carefully the properties o f the final sintered 
film, such as hardness, and scratch and water resistance.
Optimising Adhesives: Again, aside from the switch-off of adhesion, vast improvements 
in adhesion energy were seen with the addition of hard nanopartieles. The techniques used 
here to optimise adhesives can be applied to other too-soft adhesive materials to improve their 
properties without reverting to modifications in the synthesis process. Many researchers have 
looked at the effects of additives to polymers, but not necessarily optimising the eomposite’s 
properties to achieve the delicate balance of viscoelastic properties required for adhesion. One 
possibility is to use graphene, which has been used in recent years to strengthen materials, but 
the effect it has on adhesive properties is not yet understood. (The author is currently 
eollaborating on experiments eharacterising the adhesive properties of nanoeomposites in 
which graphene is added to the P2 latex used in this thesis)
Switch-on adhesion’. This work has demonstrated how adding a low volume fraction of 
a hard phase can improve an adhesive, and the influenee of the hard phase switehes-off 
adhesion after sintering. It was also observed that after sintering, there is some rearrangement 
of particles on the film surfaee i.e. one phase dominates the surface coverage. It is not 
inconceivable that this effect could be reversed, i.e. adding the correct volume fraetion o f a 
small soft phase to a predominantly hard material may induce the same effect upon sintering. 
That is, a hard coating with a small fraction of soft particles may initially retain its hard 
coating-like properties, but after sintering, surface rearrangement bringing the soft adhesive 
particles toward the film surface {e.g. due to their lower density) upon eould lead to a 
modification of adhesive properties, essentially switehing on adhesion via sintering. This may
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also be applicable to the phenomenon observed in Figure 4.20a in which it is seen that after 
extended periods of sintering, a restructuring results in the less dense soft particles 
dominating the surface. This may be an area worthy of further research.
8.2 Large-Area Patterning of a PSA via IR Sintering
8.2.1 Summary and Conclusions
Chapter 5 expands on the strategy of Chapter 4 by introducing a faster switching 
technique and presents the notion of patterning adhesives via IR radiation. Infra-red radiation 
is used to switch-off the adhesion via the same mechanism as in Chapter 4. Then, a new 
technique to pattern the adhesive films is demonstrated.
In this chapter, a different nanopartiele with a lower Tg of 71 °C is used to tune the 
adhesion and switching properties. At optimal ratios, the new nanoeomposite demonstrates a 
40 % increase in tack adhesion energy over the initial PSA, to a value o f 493 Jm'^. When 
optimising the nanocomposite’s adhesive properties, the addition of the hard nanopartieles 
raises the elastic modulus of the adhesive significantly, but adhesion is not lost because the 
yield point remains relatively low. When irradiated under a 4 kW carbon IR emitter for 30 s, 
the nanopartieles, formerly acting as a filler phase, eoalesee and form a rigid structure, which 
raises the modulus of the PSA, “switching-off’ the tack adhesion properties o f the film. The 
tack adhesion energy was reduced to 39 Jm'^, i.e. just 8% of the initial value. After heating 
under IR radiation, the storage modulus increases by a factor of five and the yield point 
increases nearly by a factor of six, such that yielding and fibrillation do not oecur in the 
probe-tack testing. Hence, the adhesion is lost.
Placing an opaque mask in contact with the adhesive during exposure to IR radiation 
created patterned adhesive regions with a spatial resolution of at least 2 mm. Adhesion can 
thus be patterned locally. Masks can be made from silicone-eoated disks, sueh as coins. 
Adhesive island regions are defined with the surrounding regions being a non-tacky coating.
8.2.2 Remarks and Further Work
Variation o f  blend composition: The sintering method is relatively simple and fast to 
execute. As was noted above, it is widely applicable to other blends of thermoplastie hard
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nanopartieles and larger soft partieles. In this chapter, the nanopartieles used are based on a 
connnereial formulation used as a hard coating. It may be possible to ereate optimised 
composite materials using existing materials beyond their normal applications, thus saving 
the need for new synthesis or purchase o f unique materials.
UV curing: The idea of masking an adhesive and patterning certain areas via radiation 
of exposed areas could be extended to UV curable adhesives, which typically require a period 
of UV radiation to perform a final curing step. In the same way that in this work the 
nanoeomposite was optimised for IR sintering, a UV curable adhesive could be tuned in the 
same way. Adhesives have been shown to hardened by UV erosslinking /curing, switching off 
a d h e s i o n . T h e  balanee o f optimisation and switchability eould be tuned through methods 
used in Chapter 4, and the idea of UV-patterning could be explored in a similar way as in 
Chapter 5. This merits further investigation.
Heating the back o f  the film: For all thin-film samples used for experiments in 
Chapter 5, the adhesive is heated from the top surface. As diseussed above, this benefits the 
switching process as the percolated nanostrueture near the film surface receives the greatest 
amount of ER radiation. It would be interesting to see what happens on the reverse o f the film, 
either through heating the underside, or flipping the fihn after drying and heating the reversed 
top side. This would first expose the nanoparticle-depleted region to the most IR radiation and 
would surely have a significant impact on the sintering proeess throughout the film. It is 
possible the effect would be similar to that seen at long IR heating times, where the PSA 
phase dominates the surface after sintering (see Chapter 4, Figure 4.20a and d). More 
fundamentally, flipping the adhesive film before testing would allow exploration of the lower 
portion of the material through adhesive and surfaee tests such as probe-tack and AFM, and 
would be very useful in further understanding the anisotropy of the nanopartiele phase. The 
author made several attempts to flip the adhesive film, but the adhesive nature of the fihn 
makes this process very difficult. This requires the adhesive to be cast on a low-surface 
energy substrate (which itself would change the environment for film drying and would not 
enable elear comparisons between tests). However, this proved a difficult task, even with the 
addition of a surface wetting agent. The film quality was compromised and further 
investigation was halted. A further investigation into methods of observing the surface and 
adhesive properties of the underside of these anisotropie films is required.
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Improved Patterning: This method of patterning has been shown to be fast and easy to 
exeeute. Patterning of the nanoeomposite adhesion is not dependent on a particular polymer 
chemistry, but rather the new concept relies on a physical mechanism. The necessary 
equipment is only a simple mask (such as coins or plates with holes) and an IR radiation 
source. There are many possibilities for investigating new mask materials and eonfigurations. 
O f particular interest are materials like AstroSolar™ Safety Film (Baader-Planetarium, 
Mammendorf, Germany) with high optical density, which could ensure minimal heat transfer 
between the mask and shielded areas of the film, and increase mask resolution.
The technique could also be modified to work in an industrial production line 
environment. As long as the mask remains in position above the adhesive, fihns could be 
placed on a conveyer belt and travel through a stationary IR source. There are industrial 
conveyor-belt ovens available that are safe to use under IR- and UV-radiation. For example, 
Heraeus Noblelight GmbH (Hanau, Germany) manufactures IR ovens with conveyor belts.
Applications: These patterned adhesives could be used in electronics assemblies to 
tailor breadboard-style patterned adhesive surfaces. They would have the added benefit (or 
hindrance) o f being able to be switched-off if  heated above the nanopartiele Tg. This may be a 
concern for high performance electronies that operate at high temperatures, but could benefit 
deconstruction of devices in which the eomponents ean be recyeled. The nanoeomposite 
could be configured to temporarily adhere items in place, but be switehed to a hard coating 
once their use is over.
8.3 Optimising Bulk and Adhesive Properties of a 
Standard Waterborne PSA by Addition of PoIy(Acrybc 
Acid) and pH Adjustment
8.3.1 Summary and Conclusions
In Chapter 6, the adhesive and mechanical properties of novel polymers are studied in relation 
to their AA eontent and pH responsiveness. Formulations synthesised with AA comonomer 
are compared with formulations without AA. A PAA-based diblock copolymer is also added 
to formulations to compare the effect (and pH response) o f internally synthesised AA and 
post-added AA. The mechanism for the hardening effect of AA is described, finding the
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PAA-based diblock adsorbs to the soft polymer particle’s surface. It raises the elastic 
modulus and tensile strength of initially too-soft formulations, thereby improving their 
adhesive properties. PAA forms a percolating network that raises the modulus o f the material, 
whieh in turn imparts improved shear and tensile strength. Without AA, the eopolymer latex 
did not exhibit any pH-responsive character. The addition of the PAA diblock imparts pH 
responsive charaeter. Dipolar interactions with Na"^  further rigidify the material. For PSA C2, 
a five-fold increase is seen in Young’s modulus from pH 3 to pH 10. The adhesion energy is 
also doubled over this pH range. Creep resistance is also improved, which is notable sinee it 
is often difficult to improve both adhesion and resistance to shear. In the final section, it is 
found that raising the pH of an already-optimised acrylie copolymer PSA formulation only 
serves to over-harden the material. Its higher elastie modulus causes a drop-off in adhesive 
performanee, but the tensile strength and creep resistance are both greatly increased.
8.3.2 Remarks and Further Work
Tuning Material Properties: This study has presented an interesting coneept o f adding a 
pH responsive phase to a non- pH-responsive material and imparting pH sensitivity. It is 
possible that this technique eould be implemented using different materials to easily tune the 
mechanical properties via pH adjustment. This may not be limited to adhesives — this 
technique could be exploited to fine-tune the hardness of coating materials.
Analysing the Percolating Network o f  PAA: In Chapter 6, referenee is made to the 
percolating network of PAA surrounding the PSA partieles. It is suggested that the PAA- 
based diblocks adsorb to the PSA particle surface. This is confirmed by the inerease in visible 
particle size, and the increase in mechanieal properties due to the glassy nature o f the PAA 
bloek. However, the exact nature of the arrangement o f the PAA-PBuA diblock around the 
particles is unelear, as is the effect of pH on the arrangement and adsorption of the dibloek. 
Surface analysis of the composite films by AFM would enable visible observation o f the 
location o f the diblock and further understanding o f its effeets, and the effect of pH.
Ionic bonding: The pH-sensitivity in this work is caused by interactions of Na+ ions in 
the NaOH base with the carboxylic COO' groups present in the poly(acrylie aeid). Use o f a 
different base, such as barium hydroxide (Ba(0H)2) may yield a stronger pH effect due to 
ability of the Ba^^ ions to interact with two neighbouring COO" groups and to create an ionie 
crosslink.
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8.4 PDEAEA as a Core-Shell PSA Additive, its Effect on 
Adhesive Properties Leading to a Unique Tubular Bubble 
Debonding Mechanism
8.4.1 Summary and Conclusions
Chapter 7 presented the characterisation of a novel core-shell PSA latex with a new 
polyelectrolyte copolymer, PDEAEA, used to form the partiele shell. The PDEAEA was 
found to lower the modulus and tensile properties of the formulation. Elastic properties were 
lowered frirther by residual oligomer in the formulation, with E' rising upon its removal.
The influence of residual oligomer in the formulation was explored. It was found that it 
adsorbs to the glass interfaee, where it reduees interfacial adhesion. This causes fibril 
detaehment firom the glass interfaee, rather than the probe, and leads to a unique debonding 
mechanism in which a tubular bubble o f PSA is drawn up firom the film by the probe.
The isolated oligomer was then added to a model waterborne PSA. It was found to lower the 
bulk properties, and reduce tack adhesion. The tubular debonding mechanism was also 
observed in this case.
8.4.2 Remarks and Further Work
Surface Modifications: This chapter presented an interesting study on how the balance 
of viscoelastie properties and modification of surface energies can lead to unusual debonding 
circumstances. In the experiments, a trial was done using a low surface energy probe, finding 
that the unusual debonding did not oceur in this scenario. It may be interesting to explore the 
phenomena with other combinations of differing surface energy substrate/probe materials, or 
by modifying the existing surfaces {e.g. using a rougher probe). It may also be interesting to 
add other components, such as oils or hydrophobic layers, to standard or soft PSA systems to 
explore the effect on the debonding mechanism.
Surface Energy: In researching surface energies o f polymers and surfaees, a distinet 
laek of publications were found on the topies of (1) experimental or theoretieal values for the 
surface energy of soft polymers, glass, and steel; and (2) relationship of interfacial energy and 
thermodynamic work o f adhesion with the physical adhesion properties between adhesive and 
adherend, particularly with polar surfaces. Given the simple calculations in Chapter 7, it is
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postulated that thermodynamie work of adhesion should correlate with adhesion tests using 
different probe or substrate materials.
For example, Garrett et al. found that in peel tests, P(«-BuA) formulations debonded 
firom the Melinex sheet interface, whilst PBuA/AA-enriched materials fail at the interface 
with s t e e l .T h i s  effect is due to a combination of the harder characteristics o f the enhanced 
material, and the increased polarity of the AA component, whieh strongly affects the 
thermodynamic work of adhesion. Further modelling to correlate experimental adhesion 
findings with the thermodynamic work o f adhesion is necessary.
Modelling the debonding mechanism: Clearly, there is room for further modelling of 
the interfacial energy and debonding mechanisms occurring in order to explain this 
phenomena. There is a delicate balanee of the viscous flow properties required to recreate the 
bubble effect. Recent studies on the interfacial debonding of waterborne PSAs could be 
modified to include low surfaee energy layers in an attempt to form a computational model of 
the conditions necessary for this uncommon interfacial debonding.
Tuning hard adhesives: It is also interesting to note that both the PDEAEA and the 
oligomer acted as softening agents, reducing the modulus of the initial PSA as their weight 
firaetion increased. A similar teehnique as employed in Chapters 4 and 5 could be used to tune 
too-hard adhesive systems by softening them to achieve a good balance o f elasticity and 
viscosity, and thus good adhesion.
Gum: Tighter regulations on littering have led to advanees in eommereial chewing-gum 
manufacture. Revolymer™ have reeently used novel hydrophobie amphiphilic polymer 
system to create a low-adhesive commercial gum which aids easier removal of gum, as well 
as being degradable.^It  is plausible that the debonding mechanism used here could impart 
similar properties to existing gum formulations (eurrent regulations allow the use of 
hydrocarbon polymers such as poly(styrene-co-butadiene), poly(isobutylene) or 
poly(ethylene-co-vinyl acetate in gum formations).
Blown Film Extrusion: The tubular bubble shows some analogous behaviour to an 
industrial process for producing thin film firom a resin. In the blown film extrusion proeess, 
molten resin is drawn up by a die into a tubular bubble and inflated to inerease its diameter, 
and deerease film thickness. The tubular bubble is then dried, and cut open to reveal a
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rectangular film. Thin gauge film is achievable, which can measure up to 40 feet in width.^^^ 
Films manufaetured via this process are often used in the packaging industry.
The tubular bubble presented in this chapter shows similarities to the blown film, and 
raises the question as to whether oligomer-indueed bubble formation in this manner may be 
put to use elsewhere. With optimisation of the adhesive formulation (assuming the oligomer 
ftilly locates at the substrate interface) it may be possible to draw a large adhesive tubular 
bubble, which can then be eut into a backing-free adhesive film.
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8.5 Conference Presentations and Publications
Work from this thesis has been presented at the following conferences:
o Presentation: University o f Surrey Soft Matter Group Meeting, July 2012 
o Presentation: lOP Condensed Matter and Materials Physics Conference, Manchester, 
December 2011.
o Presentation: Materials Research Society Conference, Boston, USA, November 2011 
® Presentation: Cytec, Drogenbos, Belgium; to members of the stimuli responsive 
group, and the adhesives group, September 2011 
o Presentation: lOP Physical Aspects of Polymer Seience conference. University of 
Surrey, September 2011 
o Presentation: University o f Surrey Soft Matter Group Meetings, August 2010, August 
2011
o Poster: On display in the Physics Dept., University o f Surrey, October 2012 
o Poster: Meeting with EPSRC Chief Executive, September 2012 
o Poster: University o f Surrey Postgraduate Conference, January 2012 
o Poster: IOM3 Adhesion ’ 11 Conference, University o f York, September 2011 (won 
poster prize)
o Poster: University o f Surrey Postgraduate Conference, November 2011 
o Poster: Macro2010: 43rd lUPAC World Polymer Congress, July 2011 
o Poster: loP Theory of Condensed Matter Conferenee, Warwick, June 2010
Results from Chapters 4 and 5 are published as follows:
Chapter 4: Gurney, R. S.; Dupin, D.; Nunes, J. S.; Ouzineb, K.; Siband, E.; Asua, J. M.;
Armes, S. P.; Keddie, J. L. Switching Off the Tackiness of a Nanoeomposite 
Adhesive in 30 s via Infrared Sintering. ACSAppl. Mater. Interfaces 2012, 4, 
5442-52.
Chapter 5: Gurney, R. S., Dupin, D., Siband, E., Ouzineb, K., & Keddie, J. L. Large-Area 
Patterning of the Tackiness of a Nanoeomposite Adhesive by Sintering o f 
Nanopartieles under IR Radiation. ACS Appl. Mater. Interfaces 2013, 
doi:10.1021/am303184k
Manuscripts from Chapters 6 and 7 will be modified and submitted for publieation in 2013.
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